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ABSTRACT
STABILITY OF UPGOING AURORAL 
ION BEAMS AT 3 . 3  Re
by
G. R ic h a rd  Ludlow I I I  
U n i v e r s i t y  o f  New Ham psh i re ,  May, 1986
S i m u l t a n e o u s  u p f l o w i n g  h y d r o g e n  and oxygen beams o f  i o n o s p h e r i c  
o r i g i n  a r e  s e en  a t  a l t i t u d e s  n e a r  3 .3  Rg in  t h e  a u r o r a l  zone  by th e  
DE-1 s a t e l l i t e .  The beam o b s e r v a t i o n s  i n d i c a t e  t h a t ,  i n  a d d i t i o n  to  
b u l k  a c c e l e r a t i o n ,  s u b s t a n t i a l  h e a t i n g  in  b o t h  h y d r o g e n  and oxygen h a s  
t a k e n  p l a c e  e i t h e r  n e a r  o r  above t h e  c o l d  i o n o s p h e r i c  s o u r c e  r e g i o n .  Ve­
l o c i t y  s p a c e  d i s t r i b u t i o n s  of  t h e  two io n  s p e c i e s  show h y d r o g e n  h a v i n g  a 
h i g h e r  s t r e a m i n g  v e l o c i t y  th a n  oxygen ,  b u t  a l s o  a s m a l l e r  s t r e a m i n g  e n e r ­
gy .  The r e g i o n  o f  v e l o c i t y  s pace  be tw e en  t h e  two io n  beam pe a ks  h a s  been  
f i l l e d  i n ,  w i t h  i o n s  i n  t h e  oxygen beam h a v i n g  been  a c c e l e r a t e d  and h y d r o ­
gen  i o n s  h a v i n g  b e e n  d e c e l e r a t e d .  T h i s  s u g g e s t s  w a v e - p a r t i c l e  i n t e r ­
a c t i o n s  a t  lower  a l t i t u d e s  e n a b le d  th e  t r a n s f e r  of  e n e rg y  from th e  h y d r o ­
gen to  t h e  oxygen.  M axwell ian  f i t s  t o  t h e  beam d i s t r i b u t i o n s  a r e  u sed  to  
s t u d y  t h e  s t a b i l i t y  o f  t h e  beams w i t h  r e s p e c t  t o  v a r i o u s  low f r e q u e n c y  
e l e c t r o m a g n e t i c  waves .  By i d e n t i f y i n g  t h e  growing  wave modes g e n e r a t e d  
by t h e  o b s e r v e d  d i s t r i b u t i o n  f u n c t i o n s ,  one c a n  o b t a i n  i n f o r m a t i o n  abou t  
any h e a t i n g  t h a t  i s  t a k i n g  p l a c e  i n  t h e  v i c i n i t y  o f  t h e  s a t e l l i t e .  T h i s  
a l s o  g i v e s  one i n f o r m a t i o n  on t h e  n a t u r e  o f  t h e  h e a t i n g  mechanism a t  low­
e r  a l t i t u d e s .  Us ing  t h e  homogeneous p l a s m a  a p p r o x i m a t i o n ,  t h e  M axw el l i an  
f i t s  p r o d u c e  a weak i n s t a b i l i t y  o f  t h e  e l e c t r o s t a t i c  s low h y d r o g e n  ion
a c o u s t i c  wave. The wave r e s o n a t e s  b o t h  w i t h  h y d r o g e n  and oxygen and 
can  h e a t  b o t h  s p e c i e s  by q u a s i l i n e a r  d i f f u s i o n .  T h i s  p r o c e s s  seems t o  
be a v i a b l e  one a t  s a t e l l i t e  a l t i t u d e s  b u t  i s  n o t  r e s p o n s i b l e  f o r  t h e  
b u l k  o f  t h e  h e a t i n g  which  to o k  p l a c e  a t  l o w e r  a l t i t u d e s .
x
INTRODUCTION
I o n o s p h e r e - M a g n e t o s p h e r e  I n t e r a c t  ion 
T h i s  s tu d y  i s  c o n c e r n e d  w i t h  p r o c e s s e s  in  t h e  n e a r  e a r t h  s p a ce  
e n v i r o n m e n t ,  which c o n s i s t s  o f  t h e  i o n o s p h e r e  and t h e  m a g n e t o s p h e r e .  I h e  
i o n o s p h e r e  i s  a l a y e r  a t  t h e  to p  o f  ou r  a tm o s p h e re  made up o f  n e u t r a l  
a toms and f r e e  i o n s  and e l e c t r o n s .  I t  h a s  t h r e e  l a y e r s ,  c a l l e d  t h e  D,
E,  and F l a y e r s .  The D l a y e r  i s  l o c a t e d  be tw een  60 and 85 km w i t h  a tem­
p e r a t u r e  t h a t  v a r i e s  f rom 130-250 °K. The c o m p o s i t i o n  i s  s i m i l a r  t o  a i r
-3a t  g round  l e v e l  w i t h  t h e  e l e c t r o n  d e n s i t y  v a r y i n g  from 10 cm a t  t h e
3 -3lower  b ounda ry  to  10 cm a t  t h e  h i g h e r  b o u n d a ry .  The second  l a y e r
(E l a y e r )  e x t e n d s  f rom an a l t i t u d e  o f  85-130 km and h a s  an e l e c t r o n  
d e n s i t y  o f  10^-10"* cm ^ and a t e m p e r a t u r e  o f  10^ °K. The F l a y e r  i s
l o c a t e d  b e tw e en  250 -500  km and h a s  an e l e c t r o n  d e n s i t y  t h a t  v a r i e s  f rom
3 x 10^ -  10^ cm T e m p e r a tu r e s  can  r e a c h  10^ °K in  t h e  F l a y e r .  Th i s
4- oi s  l e s s  t h a n  1 eV, which  c o r r e s p o n d s  t o  a t e m p e r a t u r e  o f  1 .161  x 10 K. 
The io n  c o m p o s i t i o n  v a r i e s  as  a f u n c t i o n  o f  h e i g h t ,  a s  d i f f e r e n t  i o n i z a ­
t i o n  p r o c e s s e s  become i m p o r t a n t .  The ion  c o m p o s i t i o n  o f  t h e  i o n o s p h e r e  
b a s e d  on r o c k e t  m easu rem en ts  i s  shown i n  f i g u r e  1.
The m a g n e t o s p h e r e  i s  t h e  r e g i o n  o f  sp a c e  o c c u p ie d  by t h e  e a r t h ' s  
m a g n e t i c  f i e l d  above t h e  i o n o s p h e r e .  The m a g n e t o s p h e r e  i s  c om pres sed  
on t h e  d a y s i d e  and s t r e t c h e d  o u t  on t h e  n i g h t s i d e .  T h i s  i s  due t o  t h e
s o l a r  w i n d - m a g n e to s p h e r e  i n t e r a c t i o n .  The s o l a r  wind p l a s m a  h a s  a v e -
4 o
l o c i t y  o f  ^ 400 km /sec  and a t e m p e r a t u r e  o f  ~ 4  x 10 K f o r  s i n g l y  i o n ­
i z e d  h y d r o g e n .  B e cause  o f  t h e  e x t r e m e l y  h i g h  c o n d u c t i v i t i e s  o f  a l l  space  
p l a s m a s ,  as  w e l l  as  t h e  s o l a r  w in d ,  t h e  e a r t h ' s  m a g n e t i c  f i e l d  w a n t s  t o
c o n v e c t  w i t h  t h e  s o l a r  w ind .  T h i s  s o - c a l l e d  f r o z e n - i n  e f f e c t  o f  t h e  
e a r t h ' s  m agne t ic  f i e l d  p r o d u c e s  i t s  c o n f i g u r a t i o n .  The e a r t h ' s  m agne t ic  
f i e l d  c o n n e c t s  t o  t h e  i n t e r p l a n e t a r y  m a g n e t i c  f i e l d  on open f i e l d  l i n e s .  
Some o f  t h e  m a jo r  r e g i o n s  o f  t h e  m a g n e to s p h e r e  a r e  shown in  f i g u r e  2.
Not shown i s  t h e  bow s h o c k ,  which i s  a shock f r o n t  on t h e  d a y s i d e  a t  t h e  
o u t e r  bounda ry  o f  t h e  m a g n e t o s p h e r e  where t h e  s o l a r  wind ch a n g es  from 
s u p e r - A l f v e n i c  t o  s u b - A l f v e n i c  f low .  One can  view t h e  s o l a r  wind as  
b e i n g  a s o u r c e ,  d e p o s i t i n g  p a r t i c l e s  i n t o  t h e  m a g n e to s p h e r e  where they  
g e t  e n e r g i z e d  and a r e  a c c e l e r a t e d  down i n t o  t h e  i o n o s p h e r e ,  p r o d u c i n g  
a u r o r a .  In  t h i s  r e s p e c t ,  t h e  i o n o s p h e r e  a c t s  as  a s i n k ,  e x p e r i e n c i n g  
j o u l e  h e a t i n g  as  a r e s u l t  o f  t h i s  p r o c e s s .  The i o n o s p h e r e  can  a l s o  a c t  
as  a s o u r c e  o f  p l a s m a ,  which h a s  been  v e r i f i e d  o v e r  t h e  p a s t  d e c a d e  w i t h  
s a t e l l i t e  m easu rem en ts  ( G h i e l m e t t i  e t  a l . ,1986 ;  C o l l i n  e t  a l . ,1981;
Sharp  e t  a l .  , 1 9 7 7 ) .  I o n o s p h e r i c  i o n s  were  s e en  f lo w in g  upward a lo n g  t h e  
ge o m a g n e t i c  f i e l d  l i n e s  a t  a l t i t u d e s  >  1 Rg in  the  a u r o r a l  zone .
These i o n s ,  which a r e  t h e  s u b j e c t  o f  t h i s  t h e s i s ,  a r e  an i m p o r t a n t  c o n t r i ­
b u t i o n  t o  t h e  ion  c o m p o s i t i o n  o f  t h e  m a g n e to s p h e r e .
E a r l y  in  t h i s  c e n t u r y ,  d u r i n g  t h e  1902-1903 a u r o r a l  e x p e d i t i o n ,  
B i r k e l a n d  d i s c o v e r e d  p o l a r  m a g n e t i c  s u b s to r m s  ( B i r k e l a n d ,  1908,  1913) .
He a rgued  t h a t  t h e  o b s e r v e d  m a g n e t i c  p e r t u r b a t i o n s  were c a u se d  by h o r i ­
z o n t a l  c u r r e n t s  a t  an a l t i t u d e  o f  200 km, and t h a t  t h e s e  c u r r e n t s  must  be 
m a i n t a i n e d  by an e x t e r n a l  s o u r c e .  Thus,  he  deduced  from t h e  o b s e r v a t i o n s  
t h e  e x i s t e n c e  o f  f i e l d  a l i g n e d  c u r r e n t s .  These  cui . - rents  a r e  a l s o  known 
to d ay  as  B i r k e l a n d  c u r r e n t s .  T h i s  was q u i t e  a r e m a r k a b l e  r e s u l t  when one 
c o n s i d e r s  t h a t  t h e  c o n d u c t i n g  i o n o s p h e r e  would n o t  be d i s c o v e r e d  u n t i l  a 
q u a r t e r  c e n t u r y  l a t e r  ( D r e s s i e r ,  1 9 8 3 ) .
F i e l d  a l i g n e d  c u r r e n t s  e n t e r  t h e  i o n o s p h e r e  a t  a p o i n t  in  t h e  p o l a r
r e g i o n ,  t h e n  t r a v e l  f o r  some d i s t a n c e  h o r i z o n t a l l y  a lo n g  a r e g i o n  c a l l e d  
t h e  a u r o r a l  o v a l ,  and f i n a l l y  a r e  f ed  back  i n t o  t h e  m a g n e t o s p h e r e  a t  
some p o i n t  d i f f e r e n t  f rom t h e  p o i n t  o f  e n t r y .  The f i e l d  a l i g n e d  c u r r e n t s  
a r e  a c t u a l l y  c u r r e n t  s h e e t s  which can  be s e en  from p h o t o g r a p h s  o f  the  
a u r o r a .  F i g u r e  3 i l l u s t r a t e s  t h e s e  p r o c e s s e s  i n  t h e  n o r t h e r n  a u r o r a l  
o v a l  and p o l a r  c a p .  F i e l d  a l i g n e d  c u r r e n t s  can  be  c h a r a c t e r i z e d  by t h e i r  
p o s i t i o n  in  l a t i t u d e  a t  t h e  i o n o s p h e r e .  Region  0 ,  1 ,  and 2 c u r r e n t s  r e ­
f e r  t o  t h e  p o l a r  c a p ,  a u r o r a l  o v a l ,  a u r o r a l  o v a l  and m i d - l a t i t u d e  r e ­
g i o n s ,  r e s p e c t i v e l y  ( H e i k k i l a ,  1 9 8 3 ) .  F i g u r e  4 shows t h e  d i s t r i b u t i o n  
o f  f i e l d  a l i g n e d  c u r r e n t s  i n  t h e  n o r t h e r n  h e m i s p h e r e  o b s e rv e d  by t h e  
T r i a d  s p a c e c r a f t  d u r i n g  w eak ly  d i s t u r b e d  c o n d i t i o n s .  On t h e  dawns ide  
Region 1 c u r r e n t s  f low  i n t o  t h e  i o n o s p h e r e ,  w h i l e  on t h e  d u s k s i d e  Re­
g i o n  2 c u r r e n t s  f l o w  i n t o  t h e  i o n o s p h e r e .  Also  i n  f i g u r e  4 a r e  shown 
f i e l d  a l i g n e d  c u r r e n t s  b e l i e v e d  to  f l o w  in  t h e  c u s p  r e g i o n  on open f i e l d  
l i n e s .
I o n o s p h e r i c  c u r r e n t s  f low  in  d i r e c t i o n s  p e r p e n d i c u l a r  t o  t h e  e a r t h ' s  
m agne t ic  f i e l d .  F o r  i o n s ,  an i o n o s p h e r i c  e l e c t r i c  f i e l d  p e r p e n d i c u l a r
t o t  w i l l  g e n e r a t e  a d r i f t  in  two d i r e c t i o n s .  One d i r e c t i o n  i s  p e r p e n -
-* -» -* -*
d i c u l a r  t o  b o t h  E and B and i s  c a l l e d  t h e  H a l l  d r i f t  due t o  t h e  E x B
-* -* 2
d r i f t  o f  c h a rg e d  p a r t i c l e s  i n  a m a g n e t i c  f i e l d ,  v = cE x B/B . The o t h -
■4
e r  d i r e c t i o n  i s  p a r a l l e l  to  E and i s  c a l l e d  t h e  P e d e r s e n  d r i f t .  The 
P e d e r s e n  d r i f t  r e s u l t s  f rom c o l l i s i o n s .  The e l e c t r o n - n e u t r a l  c o l l i s i o n  
f r e q u e n c y  r e m a in s  much s m a l l e r  t h a n  t h e  e l e c t r o n  g y r o f r e q u e n c y  above an 
a l t i t u d e  o f  80 km, c a u s i n g  t h e  e l e c t r o n s  t o  h a v e  o n l y  t h e  H a l l  d r i f t .
In  t h e s e  r e g i o n s  t h e  i o n - n e u t r a l  c o l l i s i o n  f r e q u e n c y  i s  c o m p a rab le  t o  
t h e  ion  g y r o f  r e q u e n c y . Thus,  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  E ,  which  
i n  t h e  a b s e n c e  o f  c o l l i s i o n s  i o n s  and e l e c t r o n s  h a v e  t h e  same v e l o c i t y ,
a c u r r e n t  i s  s e t  up b e c a u s e  t h e  i o n s  a r e  p r e v e n t e d  from o b t a i n i n g  t h e  
E x B v e l o c i t y  due to  c o l l i s i o n s .  I n  t h e  d i r e c t i o n  p a r a l l e l  t o  E, where  
i o n s  and e l e c t r o n s  r e s p o n d  i n  o p p o s i t e  d i r e c t i o n s ,  t h e  c u r r e n t  depends  
on t h e  r a t i o  o f  t h e  i o n - n e u t r a l  c o l l i s i o n  f r e q u e n c y  t o  t h e  ion  g y r o f r e q -  
ue nc y .  At  any g i v e n  h e i g h t  in  t h e  i o n o s p h e r e  t h e  P e d e r s e n  and H a l l  c u r ­
r e n t s  have  s t r e n g t h s  which depend on th e  P e d e r s e n  and H a l l  c o n d u c t i v i t i e s  
a t  t h a t  a l t i t u d e .  T he re  a r e  a l s o  c u r r e n t s  p a r a l l e l  t o  B, due to  the  
p r e s e n c e  o f  an Ej| . The p a r a l l e l  c o n d u c t i v i t y  i s  much h i g h e r  th a n  t h e  
p e r p e n d i c u l a r  co m p o n e n t s ,  and c o n s e q u e n t l y  Ejj i s  much s m a l l e r  t h a n  Ej_ 
These  c u r r e n t s  and t h e i r  a s s o c i a t e d  e l e c t r i c  f i e l d s  have  b e e n  v e r i f i e d  
w i t h  r o c k e t  m ea su rem e n ts  ( K i n t n e r  e t  a l . ,  1974) .
T he re  a r e  many mechanisms  which g e n e r a t e  l a r g e  s c a l e  e l e c t r i c  f i e l d s  
i n  t h e  i o n o s p h e r e  and m a g n e t o s p h e r e  ( S t e r n ,  1977) .  These  i n c l u d e  e -  
l e c t r i c  f i e l d s  g e n e r a t e d  by t h e  r o t a t i o n  o f  t h e  e a r t h  and i t s  m a g n e t i c  
f i e l d ,  e l e c t r i c  f i e l d s  r e s u l t i n g  from t h e  f low  o f  h o t  p l a s m a  w i t h i n  the  
m a g n e t o s p h e r e ,  and e l e c t r i c  f i e l d s  a s s o c i a t e d  w i t h  d i f f e r e n t i a l  m o t io n s  
o f  t h e  n e u t r a l  a tm o s p h e r e  and i o n o s p h e r i c  p l a s m a .  A l s o ,  t h e r e  i s  t h e  
c o n v e c t i o n  e l e c t r i c  f i e l d  g e n e r a t e d  by t h e  s o l a r  wind d r i f t i n g  th ro u g h  
t h e  i n t e r p l a n e t a r y  m a g n e t i c  f i e l d  E = - v  x B / c .  Because  t h e  c o n d u c t i v i ­
ty  p a r a l l e l  to  t h e  e a r t h ' s  m a g n e t i c  f i e l d  l i n e s  i s  e s s e n t i a l l y  i n f i n i t e ,  
t h e  c o n v e c t i o n  e l e c t r i c  f i e l d  i s  mapped down to  t h e  a r e a  o f  t h e  i o n o ­
s p h e r e  i n t e r c e p t e d  by t h e s e  f i e l d  l i n e s ,  which fo rm e q u i p o t e n t i a l s .
P a r a l l e l  E l e c t r i c  F i e l d s  and Ion A c c e l e r a t i o n  Mechanisms
P a r a l l e l  e l e c t r i c  f i e l d s  make up a s p e c i a l  c l a s s  o f  e l e c t r i c  f i e l d s  
i n  t h e  m a g n e t o s p h e r e .  The m a g n e t o s p h e r i c  p l a s m a  h a s  a v e r y  h i g h  c onduc ­
t i v i t y  p a r a l l e l  to  t h e  m agne t ic  f i e l d ,  making  t h e  f i e l d  l i n e s  e q u i p o t e n -
t i a l s .  Any v o l t a g e  d r o p s  p e r p e n d i c u l a r  t o  B t h a t  o c c u r  i n  t h e  i o n o s p h e r e  
due  t o  f i n i t e  P e d e r s e n  r e s i s t i v i t i e s  w i l l  be communica ted ou tward  to  t h e  
m a g n e t o s p h e r e  a t  t h e  A l f v e n  speed  by means o f  p o l a r i z a t i o n  c u r r e n t s  f lo w ­
ing p a r a l l e l  t o  IT. In  c e r t a i n  r e g i o n s  o f  t h e  m a g n e to s p h e r e  t h i s  c o n ­
d i t i o n  d o e s  n o t  h o l d ,  and one f i n d s  a f i e l d  a l i g n e d  p o t e n t i a l  d i f f e r e n c e .  
T h i s  i s  t h e  c a s e  f o r  a u r o r a l  f i e l d  l i n e s .  Rocket  and s a t e l l i t e  m e a s u r e ­
ments  o f  p r e c i p i t a t i n g  a u r o r a l  e l e c t r o n s  show marked c h a r a c t e r i s t i c s .
When a s a t e l l i t e  t r a v e r s e s  t h e  a u r o r a l  r e g i o n ,  t h e  f i e l d  a l i g n e d  
f l u x  o f  e l e c t r o n s  i n c r e a s e s  i n  e n e rg y  from <'■'-'100 eV to  s e v e r a l  keV and 
t h e n  d e c r e a s e s  a g a i n ,  fo rm ing  a t ime  s p e c t r o g r a m  r e s e m b l i n g  an i n v e r t e d  
V (A rn o ld y  e t  a l . , 1974;  Lin e t  a l . ,  1979;  Hoffman e t  a l . ,  1 9 8 1 ) .  Po ­
t e n t i a l  s t r u c t u r e s  which would have  t o  e x i s t  on a u r o r a l  f i e l d  l i n e s  i n  
o r d e r  t o  p r o d u c e  t h e  i n v e r t e d - V  a r e  shown i n  f i g u r e  5 (Kaufmann and 
K i n t n e r ,  19 8 4 ) .  These a r e  t h e  s o - c a l l e d  U and S - s h ap e d  p o t e n t i a l  s t r u c ­
t u r e s .  A l though  t h e  e x i s t e n c e  o f  U and S -shaped  p o t e n t i a l  s t r u c t u r e s  
i s  b a s e d  on e x p e r i m e n t a l  r e s u l t s  (Temer in  e t  a l . , 1981;  M iz e ra  e t  a l . ,  
1 9 8 2 ) ,  Lyons (1980)  h a s  shown t h e o r e t i c a l l y  t h a t  U-shaped  p o t e n t i a l  
s t r u c t u r e s  r e s u l t  f rom d i s c o n t i n u i t i e s  i n  t h e  m a g n e t o s p h e r i c  c o n v e c t i o n  
e l e c t r i c  f i e l d ,  E = - v  x B / c , where B i s  t h e  e a r t h  s m ag n e t i c  f i e l d  
and v i s  t h e  v e l o c i t y  o f  t h e  c o n v e c t i n g  p lasm a .  The a v e r a g e  m agne to -  
s p h e r i c  c o n v e c t i o n  i s  a n t i s u n w a r d  ov e r  t h e  p o l e s  and sunward a t  lower 
l a t i t u d e s .  The b o u n d a ry  be tw e en  the  two f lows  p r o d u c e s  a f i n i t e  d i ­
v e r g e n c e  o f  t h e  c o n v e c t i o n  e l e c t r i c  f i e l d ,  g e n e r a t i n g  U-shaped  po ­
t e n t i a l  s t r u c t u r e s  which c a u s e  upward f i e l d  a l i g n e d  c u r r e n t s  a t  t h e  
d i s c o n t i n u i t y  on t h e  e v e n in g  s i d e  and downward f i e l d  a l i g n e d  c u r r e n t s  
on t h e  morn ing s i d e .
F i g u r e  5 shows t h e  ion  and e l e c t r o n  d i s t r i b u t i o n s  and t h e  f r e q u e n -
6c i e s  o f  ion  c y c l o t r o n  waves t h a t  would be  seen  by a s a t e l l i t e  t r a v e r s i n g  
t h e  U and S - shape d  p o t e n t i a l  s t r u c t u r e s .  For  t h e  U-shaped s t r u c t u r e ,  
i o n o s p h e r i c  i ons  would be a c c e l e r a t e d  upward t o  fo rm a beam. The e l e c ­
t r o n  d i s t r i b u t i o n  w i l l  show a widened  l o s s  cone  due t o  downgoing e l e c ­
t r o n s  e s c a p i n g  a t  s m a l l  p i t c h  a n g l e s  and up g o in g  e l e c t r o n s  which a r e  d e ­
c e l e r a t e d  in  p a r a l l e l  v e l o c i t y  by t h e  p o t e n t i a l .  The S - s h ap e d  s t r u c t u r e  
c a n  p r o d u c e  c o n ic  d i s t r i b u t i o n s  i n  t h e  i ons  where t h e  e l e c t r i c  f i e l d  h a s  
components  b o t h  p e r p e n d i c u l a r  and p a r a l l e l  t o  t h e  m a g n e t i c  f i e l d .  Cold 
i o n o s p h e r i c  e l e c t r o n s  can  be  r e f l e c t e d  by t h e  p o t e n t i a l  t o  fo rm weak 
downgoing f i e l d  a l i g n e d  beams.  These  beams a r e  u n s t a b l e  and can  p r o d u c e  
growing  u p p e r  h y b r i d  waves (Kaufmann and Ludlow,  1981 ) .
Conic  d i s t r i b u t i o n s  i n  v e l o c i t y  s p a c e  a r e  so named b e c a u s e  when they  
a r e  r o t a t e d  a round  t h e  v ^ —a x i s  t h e y  p r o d u c e  t h e  s ha pe  o f  a c o n e .  Conic  
d i s t r i b u t i o n s  p ro d u ce d  by p e r p e n d i c u l a r  e l e c t r i c  f i e l d s  a t  low a l t i t u d e  
w i l l  f o l d  i n t o  ion  beams a t  h i g h e r  a l t i t u d e  as  t h e y  a d i a b a t i c a l l y  e v o l v e  
up t h e  f i e l d  l i n e s .  Upgoing  ion beams formed t h i s  way o r  by d i r e c t  a c ­
c e l e r a t i o n  h a v e  been  d e t e c t e d  a t  a l t i t u d e s  )> 1 R by G h i e l m e t t i  e t  a l . ,e
( 1 9 7 8 ) ,  C o l l i n  e t  a l . , ( 1 9 8 1 ) ,  and Yau e t  a l . , ( 1984 )  w i t h  d a t a  f rom th e  
S3-3 and DE-1 s a t e l l i t e s .  P o t e n t i a l  s t r u c t u r e s  l i k e  t h e  S - s h ap e d  one 
c o n t a i n i n g  an e l e c t r i c  f i e l d  o b l i q u e  to  t h e  m a g n e t i c  f i e l d  a r e  c a l l e d  
o b l i q u e  d o u b l e  l a y e r s  and c a n  be  r e s p o n s i b l e  f o r  t h e  e n e r g i z a t i o n  o f  ion  
beams a s  w e l l  as  t h e  p r o d u c t i o n  o f  c o n i c s  ( G r e e n s p a n ,  1984;  Yang and 
Kan ,  1983;  Borovsky and J o y c e ,  1 9 8 3 ) .
There  a r e  a l s o  o t h e r  p r o p o s e d  io n  a c c e l e r a t i o n  mechanisms r e s p o n s i ­
b l e  f o r  t h e  p r o d u c t i o n  o f  c o n i c s  and t h e  h e a t i n g ,  i n  a d d i t i o n  t o  b u l k  
a c c e l e r a t i o n  o f  io n  beams.  These  io n  beams show t h e r m a l  e n e r g i e s  a t  
h i g h  a l t i t u d e  on t h e  o r d e r  o f  100 t im e s  t h e  t h e r m a l  e n e rg y  in  t h e  c o ld
i o n o s p h e r i c  s o u r c e  p l a s m a ,  ^ 1  eV (Kaufmann and K i n t n e r ,  1982;  Kaufmann 
and Ludlow,  19 8 6 ) .  Dusenbe ry  and Lyons (1981)  p r o p o se d  t h a t  ion c o n i c s  
a t  low a l t i t u d e s  c o u ld  be  g e n e r a t e d  by u p go ing  i o n o s p h e r i c  e l e c t r o n s  in  
r e g i o n s  o f  d i f f u s e  a u r o r a l  p r e c i p i t a t i o n .  The u p go ing  i o n o s p h e r i c  e l e c ­
t r o n s  e x c i t e  e l e c t r o s t a t i c  io n  c y c l o t r o n  waves which c y c l o t r o n  r e s o n a t e  
w i t h  u pgo ing  t h e r m a l  i o n o s p h e r i c  i o n s .  The waves th e n  h e a t  t h e  i o n s  by 
q u a s i l i n e a r  d i f f u s i o n  t o  p e r p e n d i c u l a r  e n e r g i e s  on t h e  o r d e r  of  100 t im es  
t h e i r  i n i t i a l  t h e r m a l  e n e r g y .  A no the r  p r o c e s s  i n v o l v i n g  lower  h y b r i d  
waves h a s  b e e n  d e v e lo p e d  by Chang and Copp i  ( 1 9 8 1 ) ,  R e t t e r e r  e t  a l . , 
( 1 9 8 3 ) .  P r e c i p i t a t i n g  e l e c t r o n  beams g e n e r a t e  b r o a d  band lower h y b r i d  
waves a t  low a l t i t u d e  which can  r e s o n a t e  w i t h  b o t h  t h e  e l e c t r o n s  and 
th e  i o n s ,  t h u s  t r a n s f e r r i n g  e n e rg y  from t h e  e l e c t r o n s  to  t h e  i o n s .  The 
io n s  a r e  e n e r g i z e d  t r a n s v e r s e  to  t h e  m a g n e t i c  f i e l d ,  p r o d u c i n g  c o n i c  
d i s t r i b u t i o n s .  Us ing  q u a s i l i n e a r  h e a t i n g  r a t e s  i n  t h e  unm ag n e t iz e d  
a p p r o x i m a t i o n ,  Chang and Coppi  (1981 )  h e a t  1 eV io n s  t o  e n e r g i e s  o f  100 
eV o r  more.
Lysak ,  Hudson and Temerin  ( 1 9 8 0 )  h a v e  p r o p o se d  a n o n l i n e a r  mecha­
ni sm  where  c o h e r e n t  e l e c t r o s t a t i c  h y d r o g e n  c y c l o t r o n  w aves ,  as  o b s e r v e d  
on S3-3 ( K i n t n e r  e t  a l . , 1978 ,  1 9 7 9 ) ,  h e a t  1 eV s o u r c e  i ons  t o  p e r p e n ­
d i c u l a r  e n e r g i e s  o f  100 eV. Bergmann and Lotko (1986)  h a v e  p r o v i d e d  a 
t h e o r e t i c a l  s c e n a r i o  where  u p g o in g  H+ and 0+ beams e v o lv e  f i r s t  u n d e r  
t h e  i n f l u e n c e  o f  t h e  p o t e n t i a l  d r o p , ^ ^ ,  and t h e  e a r t h ' s  d i v e r g i n g  
m a g n e t i c  f i e l d .  The r e l a t i v e  d r i f t  o f  t h e  H and 0+ beams g e n e r a t e s  an 
e x p l o s i v e  H+ - 0 + t w o - s t r e a m  i n s t a b i l i t y  a t  low a l t i t u d e s  w i t h  h i g h e r  
g rowth  r a t e s  t h a n  t h e  c u r r e n t  d r i v e n  io n  a c o u s t i c  i n s t a b i l i t y  w i t h  one 
ion  s p e c i e s .  T h i s  i n s t a b i l i t y  c o u ld  p r o v i d e  a mechanism where  e n e rg y  
c o u ld  b e  t r a n s f e r r e d  from th e  H+ to  t h e  0+ , t h u s  h e a t i n g  t h e  oxygen.
T h i s  t h e s i s  f o c u s e s  on t h e  n a t u r e  o f  t h e s e  H and 0 i o n  beams a t
3 . 3  Rg g e o c e n t r i c  and how th e y  i n t e r a c t  w i t h  one  a n o t h e r  t h ro u g h  p lasm a  
waves .  The Dynamics E x p l o r e r  I  s a t e l l i t e  c r o s s e s  t h e  a u r o r a l  zone  a t
3 . 3  g e o c e n t r i c ,  a c c u m u l a t i n g  ion  c o m p o s i t i o n  m easu rem en ts  o f  t h e  
a u r o r a l  p l a s m a .  At t h i s  a l t i t u d e ,  t h e  H+ and 0+ ion beams have  d i f f e r ­
e n t  s t r e a m i n g  v e l o c i t i e s .  T h i s  i s  b e c a u s e  a s i n g l e  ion s p e c i e s  o (  , 
h a v in g  e x p e r i e n c e d  t h e  same p o t e n t i a l  d ro p  A , w i l l  a c q u i r e  a p a r a l l e l  
v e l o c i t y  V[(#<=  ^  A  j ^ . The d i f f e r e n c e  in  t h e  h y d r o g e n
and oxygen masses  r e s u l t s  i n  a d i f f e r e n t  s t r e a m i n g  v e l o c i t y .  The r e l a ­
t i v e  d r i f t  b e tw e en  two ion  s p e c i e s  c a n  p roduce  u n s t a b l e  p la sm a  waves.  
These waves can  i n t e r a c t  w i t h  p a r t i c l e s  i n  t h e  beams and c a n  c a u s e  t h e  
beams t o  d i f f u s e  i n  v e l o c i t y  s p a c e .  T h i s  p r o c e s s ,  known as  q u a s i l i n e a r  
d i f f u s i o n ,  h e a t s  t h e  i o n  beams and g i v e s  them a l a r g e r  t h e r m a l  v e l o c i t y .
The i o n o s p h e r i c  s o u r c e  o f  p lasm a  i s  c o l d ,  A  leV. The beam o b s e r ­
v a t i o n s  a t  3 . 3  Rg on DE-1,  p r e s e n t e d  i n  C h a p t e r  I I ,  r e v e a l  t h a t  s i g n i f i ­
c a n t  h e a t i n g  h a s  t a k e n  p l a c e ,  y i e l d i n g  beam t e m p e r a t u r e s  o f  100-200  eV. 
By i d e n t i f y i n g  u n s t a b l e  waves ,  one can  g e t  a c l u e  as  t o  what  p r o c e s s  i s  
r e s p o n s i b l e  f o r  h e a t i n g  t h e  i o n  beams .  D i r e c t  m easu rem en ts  o f  p lasm a  
d e n s i t i e s ,  c o m p o s i t i o n ,  and ion  f l u x e s  by t h e  DE-1 s a t e l l i t e  a r e  used  
in  t h e  t h e o r e t i c a l  c a l c u l a t i o n s ,  t h u s  p r o v i d i n g  an a c c u r a t e  d e s c r i p t i o n  
o f  t h e  o b s e rv e d  p l a s m a .  F i r s t ,  a s e a r c h  f o r  u n s t a b l e  low f r e q u e n c y  
e l e c t r o m a g n e t i c  waves i s  c a r r i e d  o u t .  The d i s p e r s i o n  r e l a t i o n  f o r  e l e c ­
t r o m a g n e t i c  waves as  d e r i v e d  i n  C h a p t e r  I  i s  u s e d .  A f t e r  f o l l o w i n g  in  
k - s p a c e  t h e  d i s p e r s i o n  o f  v a r i o u s  r i g h t  and l e f t  p o l a r i z e d  e l e c t r o m a g ­
n e t i c  waves g e n e r a t e d  in  a p lasm a  w i t h  two ion  com ponen ts ,  i t  i s  found 
t h a t  no low f re q u e n c y  e l e c t r o m a g n e t i c  waves a r e  u n s t a b l e .  T h i s  i s  b e ­
c a u s e  t h e  f r e e  e n e rg y  needed  t o  d r i v e  e l e c t r o m a g n e t i c  waves i s  n o t  p r o -
v id e d  by t h e  i o n  beams.  T h i s  p rob lem  i s  e x p l o r e d  in  C h a p t e r  I I I .
I t  i s  f o u n d ,  f i n a l l y ,  t h a t  t h e  p lasm a  i s  u n s t a b l e  t o  a h y d r o g e n  
ion a c o u s t i c  wave.  T h i s  wave i s  e l e c t r o s t a t i c ,  t h e r e b y  e n a b l i n g  t h e  
e l e c t r o s t a t i c  d i s p e r s i o n  r e l a t i o n  to  be  u s e d .  Q u a s i l i n e a r  d i f f u s i o n  
i s  e x p l o r e d  as  a p o s s i b l e  mechanism f o r  h e a t i n g  t h e  ion  beams.  The 
r e s u l t s  o f  q u a s i l i n e a r  t h e o r y  as  d e r i v e d  i n  C h a p t e r  I  a r e  e x p l o r e d  
w i t h  t h e  u n s t a b l e  ion  a c o u s t i c  wave and a r e  p r e s e n t e d  i n  C h a p t e r  I I I  
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CHAPTER I
LINEAR AND QUASILINEAR THEORY
F o r m u l a t i o n  o f  the  P rob le m
I n  o r d e r  t o  d e r i v e  t h e  e q u a t i o n s  t h a t  w i l l  p r o v i d e  a  c o m p l e te  
d e s c r i p t i o n  o f  t h e  p l a s m a ,  one must  d e f i n e  t h e  r eg im e  in  which one i s  
w o r k ing .  T h i s  i n c l u d e s  d e f i n i n g  l e n g t h  and t im e  s c a l e s  and how t h e s e  
p a r a m e t e r s  a f f e c t  p a r t i c l e  i n t e r a c t i o n s .  One f u n d a m e n ta l  q u a n t i t y  i n  a 
p lasm a  i s  t h e  Debye l e n g t h .  Because  t h e  e l e c t r o n s  a r e  much l i g h t e r  t h a n  
th e  i o n s ,  t h e  e l e c t r o n s  w i l l  r e s p o n d  t o  p o s i t i v e  c h a r g e s  by fo rm ing  a 
c l o u d  wh ich  s h i e l d s  t h e  p o s i t i v e  c h a r g e  from th e  s u r r o u n d i n g  volume.
The Debye l e n g t h  i s  a m easu re  o f  t h e  d i s t a n c e  a t  which t h e  p o t e n t i a l  
f i e l d  a round  a  p o s i t i v e  c h a r g e  g e t s  s c r e e n e d  o u t  by t h e  i nduce d  e l e c t r o n  
f i e l d .  By c o n s i d e r i n g  t h e  P o i s s o n  e q u a t i o n  f o r  t h e  e f f e c t i v e  f i e l d  and 
assuming  t h e  e l e c t r o n s  obey  Maxwe11-Boltzmann s t a t i s t i c s ,  one f i n d s  t h e  
p o t e n t i a l  f i e l d  f o r  t h e  p o s i t i v e  p o i n t  c h a r g e  qQ t o  be
Fo r  d i s t a n c e s  s h o r t e r  t h a n  t h e  Debye l e n g t h ,  t h e  e f f e c t i v e  p o t e n t i a l  i s  
e q u i v a l e n t  t o  t h e  b a r e  Coulomb p o t e n t i a l .  O u t s id e  t h e  Debye s p h e r e ,  t h e
(cm) Debye l e n g t h ( 1 . 1 )
K = B o l t z m a n n ' s  c o n s t a n t  = 1 .38  x 10 ^  e r g / ° K  
Tfi= t e m p e r a t u r e  °K 
ne = d e n s i t y
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p o t e n t i a l  d e c r e a s e s  e x p o n e n t i a l l y ,  and one s e e s  t h e  c o l l e c t i v e  b e h a v i o r  
o f  t h e  p lasm a .  A no the r  c o l l e c t i v e  phenomena i n  a p l a s m a  i s  t h e  p lasm a
The p lasm a  f r e q u e n c y  i s  t h e  r e s u l t  o f  s u d d e n ly  i n t r o d u c i n g  a s t a t i c  
e l e c t r i c  f i e l d  i n t o  t h e  p l a s m a .  The e l e c t r o n s  r e s p o n d  and move so as  t o  
quench t h e  f i e l d .  Because  o f  t h e i r  f i n i t e  mass t h e i r  i n e r t i a  c a u s e s  
them t o  o v e r s h o o t ,  p r o d u c i n g  a n o t h e r  n o n e q u i l i b r i u m  s i t u a t i o n .  The 
Coulomb f i e l d  p r o v i d e s  t h e  r e s t o r i n g  f o r c e ,  and an o s c i l l a t i o n  r e s u l t s .
The i m p o r t a n t  r e s u l t  h e r e  i s  w h e t h e r  t h e  p a r t i c l e s  a r e  r e s p o n d i n g
o r  w h e t h e r  t h e  p a r t i c l e s  b e h a v e  i n  a d i s c r e t e  s e n s e ,  w i t h  Coulomb c o l l i ­
s i o n s  b e i n g  t h e  s t r o n g e s t  r e s p o n s e .  I f  one c a l c u l a t e s  t h e  Coulomb 
c o l l i s i o n  f r e q u e n c y  f o r  i o n - e l e c t r o n  s c a t t e r i n g ,  as suming a M axw el l i an  
d i s t r i b u t i o n  f o r  t h e  e l e c t r o n s  and l e t t i n g  th e  impact  p a r a m e t e r  assume
The r a t i o  o f  t h e  Coulomb c o l l i s i o n  f r e q u e n c y  t o  t h e  p lasm a  f r e q u e n c y  i s  
g i v e n  by t h e  f o l l o w i n g  e x p r e s s i o n .
( 1 . 2 )
i n  a c o l l e c t i v e  s e n s e ,  d e s c r i b e d  by t h e  p a r a m e t e r s
a maximum v a l u e  of t h e  r e s u l t  i s
( 1 . 3 )
i s  t h e  Coulomb l o g a r i t h m ,
( 1 . 4 )
Thus ,  one s e e s  t h a t  as  lo n g  a s  ) V  • The
\ 3
q u a n t i t y  He. Aoe i s  t h e  a v e r a g e  number o f  p a r t i c l e s  i n  a Debye s p h e r e ,  
which must  be  l a r g e  f o r  c o l l e c t i v e  b e h a v i o r  t o  d o m in a te .  F o r  t h e  p lasm a
v3 13
i n  t h e  a u r o r a l  zone a t  3 Rg , > t h u s  making Coulomb c o l l i ­
s i o n s  i n s i g n i f i c a n t .
With t h e s e  i n s i g h t s  i n  m ind ,  one c a n  u s e  t h e  q u a n t i t y  ( y\ Aix )
as  t h e  s m a l l  p a r a m e t e r  d e s c r i b i n g  a p l a s m a .  Th is  p a r a m e t e r  i s  known as  
t h e  p la sm a  p a r a m e t e r  g ,  and i s  u s e d  as  an e x p a n s i o n  p a r a m e t e r  in  t h e  
t h e o r y  o f  an o r d i n a r y  p lasm a .
The e q u a t i o n s  which d e s c r i b e  a s y s t e m  o f  c h a r g e d  p a r t i c l e s  a r e  the  
Bogo l iubov -B orn -G reen -K i rkw ood-Y von  (BBGKY) h i e r a r c h y  e q u a t i o n s  (Bogo-  
l i u b o v ,  1962) .
i - i
( 1 . 5 )
i  = , p o s i t i o n  and v e l o c i t y  o f  t h e  i C^  p a r t i c l e
f  ( 1  s )  , s - p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n
s
18
n = N/V = a v e r a g e  n u n b e r  d e n s i t y
d ( s )  = d^x  d^v s s
L ( i )  , s i n g l e  p a r t i c l e  o p e r a t o r
L U • - j  ' +  —m
a
'£/** ih c I?,) 3?.
V ( i , j )  , two p a r t i c l e  o p e r a t o r
v (; ,v U:-X:
1-
The d i s t r i b u t i o n  f u n c t i o n s  have  n o r m a l i z a t i o n




I t  c a n  b e  s e en  t h a t  t h e  BBGKY h i e r a r c h y  i s  an i n f i n i t e  s e r i e s  o f  e q u a ­
t i o n s .  The e q u a t i o n  f o r  t h e  s i n g l e  p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n
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depends  on t h e  two p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n .  The e q u a t i o n  f o r
t h e  two p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n  depends  on t h e  t h r e e  p a r t i c l e
d i s t r i b u t i o n  f u n c t i o n ,  and so  on.  I h e  BBGKY h i e r a r c h y  n e e ds  t o  be
t r u n c a t e d  in  o r d e r  t o  be  a p p l i c a b l e .  Because  one i s  i n t e r e s t e d  i n
s o l u t i o n s  f o r  an o r d i n a r y  p l a s m a ,  one can  t r y  t o  s o l v e  t h e  BBGKY
h i e r a r c h y  by e xpa nd ing  f  in  a power s e r i e s  i n  g ,  t h e  p lasm a  p a r a m e t e r .s
A c o n v e n i e n t  way to  e x p r e s s  t h e  h i g h e r  o r d e r  d i s t r i b u t i o n  f u n c t i o n  f  
i s  t o  i n t r o d u c e  s - p a r t i c l e  c o r r e l a t i o n  f u n c t i o n s .  The s - p a r t i c l e  
d i s t r i b u t i o n  f u n c t i o n s  a r e  t h e n  w r i t t e n  i n  t e rm s  o f  t h e s e  c o r r e l a t i o n  
f u n c t i o n s ,  a scheme s i m i l a r  t o  t h e  Mayer c l u s t e r  e x p a n s i o n  (Mayer ,  
1940) .
S “ I f ,  O ' )  -  F  0 )  ( 1 . 6 a )
f  = ^ 0 , 3 0 =  F ( i ) F ( a )  +  d.6b)
S = 3 F 0 ) F ( 5 ) F ( 3 )  t  ?0)  k t e | 3 )
+ F U H C v )  + v(3)G(i,*)
+ H ('i  ^ | 3 )  d . 6 c )
F ( l ) ,  F ( 2 ) , . . .  a r e  i n t r o d u c e d  t o  r e p r e s e n t  t h e  s i n g l e  p a r t i c l e  
d i s t r i b u t i o n  f u n c t i o n s  f ^ d ) ,  f ^ ( 2 ) ,  f ^ ( 3 ) ,  . . .  . T h u s ,  f ^ ( l  , 2)
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o h ) ( 1 . 7 )
i s  r e p r e s e n t e d  a s  a p r o d u c t  o f  t h e  two s i n g l e  p a r t i c l e  d i s t r i b u t i o n  
f u n c t i o n s  F 0 )  and F ^ )  P l u s  t h e  p a i r  c o r r e l a t i o n  f u n c t i o n  
One now assumes  t h a t
F ( ' )  ^  0  ( l )
C> 0 1
F(') f W
The r e a s o n  f o r  d o in g  so i s  t h a t  t h e  j o i n t  d i s t r i b u t i o n  o f  two p a r t i c l e s  
i n  a s m a l l  volume V, such  t h a t  Ift \ /  ,Xp w i l l  be d e t e r ­
mined by t h e  s u r r o u n d i n g  p lasm a  volume,  and no t  by t h e  s e p a r a t i o n  be tw e en  
t h e  two p a r t i c l e s .  T h i s  means t h a t  F O ) F ( i )  a s  long
as ^  1 » F o l lo w in g  t h i s  a rgument  t o  h i g h e r  o r d e r ,  one ha s
n ( i , a , 3 )
F ( l ) F l l ) F { 3 )
P C  3 ' ) ( 1 .8 )
and so on.  I f  one s u b s t i t u t e s  ( 1 . 6 )  i n t o  ( 1 . 5 ) ,  one o b t a i n s  f o r  t h e  f i r s t  
e q u a t i o n
S=l
t  H O  — F ( 3L ; t )  J i ]  F ( ' i ^
=Jv(i,i) da. . ° - 9)
The r i g h t  hand  s i d e  o f  ( 1 . 9 ) ,  which depends  on t h e  p a i r  c o r r e l a t i o n  
f u n c t i o n  6  O i  d e s c r i b e s  t h e  c o l l i s i o n a l  e f f e c t s  and i s  known a s  t h e  
c o l l i s i o n  t e r m .  I n  t h e  l i m i t  , t h e  r i g h t  hand  s i d e  goes  t o  z e r o .
I n  t h i s  l i m i t ,  e q u a t i o n  ( 1 . 9 )  i s  c a l l e d  t h e  Vlasov e q u a t i o n .  By p u t t i n g  
i n  t h e  e x p l i c i t  forms o f  a l l  t h e  symbols  i n  e q u a t i o n  ( 1 . 9 ) ,  and by l e t ­
t i n g  t h e  s i n g l e  p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n  f o r  p a r t i c l e s  o f  s p e c i e s
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0 < be ytj , t h e  V lasov  e q u a t i o n  assumes t h e  form
r  d  - * 2
L i *  V ' 3 x
( 1 . 1 0 a)
nn ^  '  ' '  c  1 ' 3 V J
where
- *  - *  #.» \  v  ^  f  i ^ f  i - * '
E (* ,* )=  j j T j r j -
B ( * , * )= •  f L U * , * )
( 1 . 1 0b )
( 1 . 1 0 c )
The second t e r m  i n  ( 1 . 1 0 b ) ,  i n v o l v i n g  t h e  t w o - p a r t i c l e  o p e r a t o r ,  
r e p r e s e n t s  t h e  e l e c t r o s t a t i c  f i e l d  p roduced  by t h e  a v e r a g e  d i s t r i b u t i o n  
o f  p a r t i c l e s  and i s  c a l l e d  t h e  H a r t r e e  f i e l d .  C o l l i s i o n a l  e f f e c t s  a r e  
due t o  f l u c t u a t i o n s  i n  t h e  H a r t r e e  f i e l d ,  w h ic h ,  as  shown a bove ,  a r e  o f  
o r d e r  g and c a n  be  n e g l e c t e d .  Th i s  s tu d y  c o n c e r n s  i t s e l f  w i t h  homogene­
ous p la sm a s  which a r e  c h a r g e  n e u t r a l ,  i n  which c a s e  t h e  H a r t r e e  f i e l d  
v a n i s h e s .  Thus,  t h e  p l a s m a  does  n o t  p r o d u c e  i t s  own m a c r o s c o p i c  f i e l d .
As f o r  t h e  t im e  s c a l e s  i n v o l v e d ,  one c a n  c o n s t r u c t  t h r e e  c h a r a c t e r ­
i s t i c  t im e  s c a l e s  T„  , r t , and 7 ^  » known as  B o g o l i u b o v ' s  h i e r a r c h y  o f  
c h a r a c t e r i s t i c  t im e  s c a l e s .  The hydrodynamic  t ime s c a l e  "Tq i s  t h e  
c h a r a c t e r i s t i c  t im e  f o r  hydrodynam ic  f l u c t u a t i o n s  t o  r e l a x  and i s  g i v e n  
by
X  ~  5 ( i - 11)
where  L i s  t h e  l e n g t h  o f  t h e  s y s t e m  and i s  t h e  sound s p e e d .  The
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second c h a r a c t e r i s t i c  t im e  s c a l e  i s  and i s  t h e  t im e  f o r  t h e  s i n g l e
p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n  t o  r e l a x  t o  i t s  l o c a l  e q u i l i b r i u m  v a l u e .  
The t im e  Tt i s  g i v e n  by
T , ~   ^ ( 1 . 12 )
where  A i s  t h e  mean f r e e  p a t h  and i s  t h e  mean v e l o c i t y  o f  t h e
p a r t i c l e ,  ~  ^ m  ^  . S in c e  C 5 , and L. V> A ,
one h a s  ^  • ^ h e t h i r d  t im e  s c a l e  i s  t h e  c h a r a c t e r i s t i c
t im e  a s s o c i a t e d  w i t h  p a i r  c o r r e l a t i o n s  and i s  g i v e n  by t h e  a v e r a g e  t im e  
f o r  a p a r t i c l e  t o  t r a v e l  a c o r r e l a t i o n  d i s t a n c e ,  which i s  t h e  o r d e r  of  
a  Debye l e n g t h .
Because T ,  ^  V and 'Y 1_ ^  U J p  , we have  'Y l 'Y-^  
as  long  as  t h e  p l a s m a  p a r a m e t e r ,  ^ A0^ , i s  v e ry  s m a l l .  Th i s
means t h a t  p a i r  c o r r e l a t i o n  f u n c t i o n s  r e l a x  much f a s t e r  t h a n  s i n g l e  
p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n s  and c a n  be  n e g l e c t e d  i n  t h i s  d e s c r i p ­
t i o n .
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L i n e a r  Theory
The V lasov  e q u a t i o n
*  m7  -  0  (1-14>
d e s c r i b e s  t h e  t im e  e v o l u t i o n  of  W , * ) ,  t h e  s i n g l e  p a r t i c l e
d i s t r i b u t i o n  f u n c t i o n  i n  p ha se  s p a ce  ; ( x t V)  , The d im e n s io n s  of
3 3a r e  (#  p a r t i c l e s  o f  s p e c i e s  c* ) /cm / ( c m / s )  . The V lasov  e q u a t i o n  i s  
a l s o  known as  t h e  c o l l i s i o n l e s s  Bol tzmann e q u a t i o n .  I t  c an  be used  i n  
t h e  m a g n e t o s p h e r e  where t h e  c o l l i s i o n  f r e q u e n c y  of  p a r t i c l e s  i s  much 
l e s s  t h a n  t h e  p lasm a  f r e q u e n c y ,  as  was s e e n  i n  t h e  p r e v i o u s  s e c t i o n .
Thus p a r t i c l e  d i s t r i b u t i o n s  change  as  a r e s u l t  o f  wave i n t e r a c t i o n s  
r a t h e r  t h a n  c o l l i s i o n s .  Waves a r e  g e n e r a t e d  i n  a p lasm a  by s m a l l  p e r -  
t u r b a t i o n s .  I n  a p lasm a  immersed i n  a u n i fo r m  m a g n e t i c  f i e l d  
d e n s i t y  p e r t u r b a t i o n s  w i l l  c a u s e  i o n s  and e l e c t r o n s  t o  d e v i a t e  from t h e i r  
h e l i c a l  p a t h s .  T h i s  g i v e s  r i s e  t o  a c u r r e n t  d e n s i t y  p e r t u r b a t i o n
(X( Xj  j and i n d u c e s  m i c r o f i e l d s  H, and . The
i o n s  and e l e c t r o n s  r e s p o n d  t o  t h e s e  f i e l d s  so  as  t o  a c h i e v e  e q u i l i b r i u m .  
T h e i r  i n e r t i a  c a u s e s  them t o  o v e r s h o o t  t h e  e q u i l i b r i u m  s t a t e ,  and t h e  i n ­
duced f i e l d s  o s c i l l a t e .  A v a r i e t y  o f  e l e c t r o m a g n e t i c  and e l e c t r o s t a t i c  
o r  c o r a p r e s s i o n a l  wave modes can  be s e t  up.  I n  t h e  f o l l o w i n g ,  t h e  d i s ­
p e r s i o n  r e l a t i o n  f o r  waves i n  a homogeneous p lasm a  i n  a u n i f o r m  m a g n e t i c  
f i e l d  i s  o b t a i n e d .
The t h e o r e t i c a l  i m p e tu s  i s  t o  a l l o w  a t r a n s i t i o n  t o  t a k e  p l a c e  so 
t h a t  t h e  i n i t i a l  s t a t e  d e s c r i b e d  by " £ 0 e v o l v e s  t o  a f i n a l  s t a t e  i n  
which waves a r e  p r e s e n t ,  • £><0 d e s c r i b e s  t h e
p lasm a  a t  . As one l e t s  i n c r e a s e ,  t h e  p lasm a  i s  p e r ­
t u r b e d ,  which g e n e r a t e s  — 'fe<0 +  l a t  t im e  • The
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p e r t u r b i n g  d i s t r i b u t i o n  f u n c t i o n  i s  r e l a t e d  t o  t h e
i n d u ce d  c u r r e n t  d e n s i t y  by
I f  one can  o b t a i n  an a n a l y t i c a l  e x p r e s s i o n  f o r  i n  t e rm s  of  known
q u a n t i t i e s  T*o , and ; where  and 8 , v a ry  as
e * p  [ a  ( k . * x ~ u ) £ ) J  , t h e n  t h e  i n d u ce d  c u r r e n t  x ,  ( 7 , * )  can  be
found.  The wave e q u a t i o n ,  o b t a i n e d  from M a x w e l l ' s  e q u a t i o n s  w i t h  T,
can  t h e n  be w r i t t e n  f o r  e l e c t r o m a g n e t i c  waves i n  a p lasm a .
To f i n d  f * .  t v ,  * ' = - * )  , n o t e  t h a t  i n  b o t h  i n i t i a l  and f i n a l
s t a t e s  t h e  V lasov  e q u a t i o n  must  be v a l i d .  ThuSj
D f " I 7 - ^ l f "  “ 0
and —?
[ ^ r + ^ + ^ ^  ^  =  0  ■ ( i -,#)
f r o  i s  s o l e l y  t h e  m a g n e t i c  f o r c e  a t  t im e   ^ s i n c e  one i s  assum­
in g  t h a t  t h e r e  i s  no e x t e r n a l  e l e c t r i c  f i e l d  p r e s e n t .
f U  —  ^  V  X 8 ,  ( 1 . 1 7 )
and
I f  o n ly  t e rm s  l i n e a r  i n  p e r t u r b i n g  q u a n t i t i e s  a r e  k e p t  i n  ( 1 . 1 6 )  and 
( 1 . 1 7 )  i s  u s e d ,  t h e  e q u a t i o n  f o r  i s
=  - ■ ! : ( ¥ ' f - '
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One c a n  o b t a i n  an e x p l i c i t  form o f  ■ k v f V ,  j t )  by i n t e g r a t i n g  
t h e  e q u a t i o n  a bove .  As one i n t e g r a t e s  f rom A ' '  ~ t o  A '  - A ,
t h e  p a r t i c l e ' s  p a t h  i n  phase  s p a c e  w i l l  c o r r e s p o n d  t o  t h e  o r b i t  o f  a 
c h a r g e d  p a r t i c l e  i n  e q u i l i b r i u m  f i e l d  Do , s i n c e  t h e  p e r t u r b a t i o n  i s  
assumed t o  be s m a l l .  Thus ,
j y ( t ' )  _  u  f v ' K  t
{  ci f ( 1 . 2 0 )
and
( 1 . 2 1 )
With b o unda ry  c o n d i t i o n s
=  x u t
V l t ‘-  t )  =  V  ( • * )
( 1 . 1 9 )  becomes
d  f d i  ( i'f V; >  9 iV
a * '
E . ( x  * ' ) t
-i  1 t •*!
X
a * '
( 1 . 2 2 )
i n t e g r a t i n g
J
j  j u ' ± k  = L  $ , % * ) -  ^ , ( S ( - ) , * ( - - ) ,  * ( - » ) )  




so t h a t
k .  ( $ * ) = "
■ 00
v y  i f  — :— —
( 1 . 2 3 )
At t h i s  p o i n t  one assumes  an  o s c i l l a t o r y  s o l u t i o n  f o r
(  k > X  -  u O * )
where
a t r  A
^  , r |  = wave no rmal  u n i t  v e c t o r
and £  = a m p l i t u d e  a s s o c i a t e d  w i t h  mode k  .
"*.( -* /
£  and a r e  a l s o  w r i t t e n  i n  a s i m i l a r  f a s h i o n  w i t h  an  e x p l i c i t
o s c i l l a t o r y  de p e n d e n c e .
U K * ' )  =  h  ^
B, ( * V )  =  e
Thus ( 1 . 2 3 )  becomes
I .
-  _ t*— ------
<* k  m 0
-  ao
•*> *
+   h_
X k ' ( x - x ' )  j  
. e  e  . (1-24)
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The f o l l o w i n g  d e f i n i t i o n s  a r e  i n t r o d u c e d .  
Z l  t ■*
X  = x  -  x 
y  -  A ' - a
Bb =  B.  t
i , -  e“U )  —  -------------
Co( /vi* c
One ha s
X' C 'T '-o )= X
as  b o u n d a ry  c o n d i t i o n s .  The e q u a t i o n s  o f  m o t i o n  a r e
i ^
—  =  ( v x l )
a * '
d?/— —  V
a * '
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F i g u r e  6
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The e q u a t i o n s  o f  m o t i o n  y i e l d
v x -  v ,
v /  — Sin ( ^ -  c«Jt  * •>)
V ,  =  V,u
and
ay =  y - y
' t  0<.
C o J f i  +  - ^ 7 -  t o j ( f  - u > c / r )
C j Co< 1
T h e r e f o r e
- J  r  X AX + YA.y *■ 1 & ~ &
i ( t i - w ' V )  i l U - u ) !  ^
, -  e  e
*  J
. 1 1 . V < Br
J i T  + ----------—
k c
-  oo
( 1 . 2 5 )







—> , ~9 -9 \
v x  ( k x Ej  j 
0 0
( v ' E g )  k -  ( v - k ) E j ,
Because  t h e  p lasm a  c o n s i d e r e d  h e r e  i s  homogeneous,
{..(*,\*J = L M , <■*')■
T here  i s  no ^  -  d e pe ndenc e  i n  f « o  and a l s o
C *'= = frfo ( * ' = * )  .





£  , ,  , ,  j ( h ' X - w T )
O . M j e( t ^ L  ± i  vy ) —  + j . — r
1 Vi * 3 v.
( 1 . 2 6 )
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r i k  i , _ . b i n  #  • f e* w ih  <jwt)
— L ^  v/^  w ^ h W J  L
™N






.  ' 3 v >-
(j U ”3  v t l u o
x  3 f < °  FT  * T ~ ----- L :
w
*♦
where E M i *  are the  components o f  E ^
The f o l l o w i n g  B e s s e l l  f u n c t i o n  i d e n t i t i e s  a r e  u s e d  t o  s i m p l i f y  t h e  above .
€  jU  —
c o s l j > - u < , u~ x ) e  ~
—  —  (  V  T I'a'l
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I - - - cO
$ \v \  [<l>-  W c * y )  —
o<7
- A Jla *
J . K ) -  ^ C AT )
>e=- dO
i - - -
l '  f a  \l a ° 0 e
oO
Thus,  ( 1 . 2 6 )  becomes
^  A,v\
A T>*
( 1 . 2 7 )
where
I 1 '  co /
\  . 9  ~P«<o M l
3 V l V '  /  ^ \ / u CO






With t h e  u s e  o f  M a x w e l l ' s  e q u a t i o n s ,  t h e  d i e l e c t r i c  t e n s o r  can  be
e v a l u a t e d ,  which  t h e n  i s  u s e d  i n  t h e  wave e q u a t i o n .  One h a s
-T>
v x
i* _ L  ^  E ,  HIT %
K. — ——  T r- l , Ampere s LawC
r
’JL . + 1!*. u. 28)
The q u a n t i t i e s  B, ) E ,  j  and I , c a n  be w r i t t e n  i n  t e rm s  o f  t h e i r  
f o u r i e r  a m p l i t u d e s ,  i . e .  Xj =  €.Xp j j*  ( k ‘X — ^  e n a b l i n g  t h e
s u b s t i t u t i o n  o f  ( 1 . 2 7 )  i n t o  ( 1 . 2 8 ) .
Tha t  i s ,
a  (  k ' x  -  -> ^  ( k.* X - t o X ' )
= A k x 8-> e.V x B . - V x B . e
k
AU)




r  . r ~  „ . '
l e^ + ~  L  * * *
( 1 . 2 9 )
£  » E +  , = d i e l e c t n c  t e n s o r
& -  k “
and .* .* 
r  „  f ^ r  .  ; ( k - A - w A )f =  J v + - l «  JLv
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where  V -  W x ,  ^y, ^ l )  “  v/„ ) . A v e ra g in g  over
t h e  f o l l o w i n g  r e l a t i o n s  a r e  used  
, 2 tl .
IT t  _0
f ^  ^
J0
2TT e
J j t - i  ( , « - )  +  3 i n ( a * )  =
x  Q *
J  -  J e n  ( Q * )  -
a
The T i n t e g r a t i o n  y i e l d s
r \  X ( k u \li x 4 n i * ) c + - u )  _  _________
-1 d T e  * ' * *  i ( U w „ - u )—  t>0
where f . y ,  ( J  ° ° )  — 0  . From ( 1 . 2  7) and ( 1 . 2 9 ) ,  c h a n g in g
t h e  f i n a l  i n d i c e  t o  n ,  one o b t a i n s
oO
£ = 1  — LOfV y ~  ( ^ v 7i r (i.3o)
=  -  jT ^  Ct f ,+nwt*-u>) .
— Jn P







/ / -X ' f ^ ~  -h ^ * °




n  Q ^  -ho
X t  ^ t b t „ p  W ^ 7 + x
where
m .
With t h e  u s e  of  t h e  r e l a t i o n s
“3  £<*0V P v \\
k u v u -t-nvA/tct- uj u u
V. n










3V, — o  n  -  0 (
n  - -oo h =. -oo
C3n r e w r ^ t t e n  terms  ° f  ^ • Thus ,
r
£  = I  -
, i1  ^
00
T
r\~  -  oo J
p *3 vr'




V, 3 vl ( 1 . 3 1 )
L  — 0  excep t  fo r  L j . f .  ~~ 3-  •
T  =
,a  v \
^  <>l
V  n  T  V  -v*- *J n «J in
<U
■ w2 J L . r ' rA- vj_ j  « j  n
<4*
v2  K )
A Yjl v^v
. . .  n  —a
Q . 7,1
1  T X 
V|i ^|r\
By l o o k i n g  a t  t h e  form of  ( 1 . 3 1 )  , one can  see  t h a t  h a s  been
s e p a r a t e d  i n t o  a p a r t  t h a t  c o u p l e s  £f £  and £
s e p a r a t e s  o u t from and
...... . j.  . and a p a r t  t h a t>-y > * )
Ey* i s  i n d e p e n d e n t  of  COcu
and d e s c r i b e s  p e r t u r b a t i o n s  p a r a l l e l  t o  t h e  m a g n e t i c  f i e l d  which a r e  n o t
due t o  c y c l o t r o n  m o t i o n .  A more compact  form f o r  £  can  be o b t a i n e d
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by t h e  u s e  of  t h e  f o l l o w i n g  r e l a t i o n s .  
We have
• F
\ "3 "fo to
7 ------------------------------ ~  u J





n -  -  00 h -  -  oo
^  *3*n (  ® «i) _ |
=  *
The f i n a l  form becomes
l  =  0 - 1 .
uJ Poi
I




T rtu7c<< ^  “3 ^ 0 ^
fe„ V „ + « u /^ -u o  V ^  3Vj. ' X l
r\--  »o
( 1 . 3 2 )
I f  F a r a d a y ' s  Law i s  combined w i t h  Am pere 's  Law , ( 1 . 2 9 ) ,  t h e  wave e q u a t i o n  
r e s u l t s .







, wave e q u a t i o n
When w r i t t e n  i n  t h e  form
4 - 1  =  °  , | =  ( l . 3 3 )
a n o n t r i v i a l  s o l u t i o n  e x i s t s  f o r  E when d e t  A -  0 . The r o o t s
o f  d e t  A a r e  t h e  e l e c t r o m a g n e t i c  modes i n  t h e  p lasm a .  I n  t h i s  s t u d y  
■fico i s  t a k e n  t o  be a M a x w e l l i a n  w i t h  s t r e a m i n g  e f f e c t s  and p e r p e n ­
d i c u l a r  and p a r a l l e l  t e m p e r a t u r e s .  The s t r e a m i n g  and t h e  t e m p e r a t u r e  
a n i s o t r o p y  a r e  t h e  s o u r c e s  o f  f r e e  e n e rg y  i n  t h e  p l a s m a ,  which  i s  a -
v a i l a b l e  f o r  t h e  g rowth  o f  p lasm a  waves .  The M a x w e l l i an  d i s t r i b u t i o n  
i s  g i v e n  by
KTU \ lx  I
£< o  ~  nJ  v r k T , ,  ) 1 l i r K T j . /  P
( 1 . 3 4 )
where
fR* = mass o f  s p e c i e s  
T„ = p a r a l l e l  t e m p e r a t u r e  
= p e r p e n d i c u l a r  t e m p e r a t u r e  
K = B o l t z m a n n ' s  c o n s t a n t  
Uo = s t r e a m i n g  v e l o c i t y  
The s t r e a m i n g  v e l o c i t y  Uo i s  pu t  i n  t h e  — d i r e c t i o n  b e c a u s e
t h e  c y c l o t r o n  m o t i o n  d o m in a t e s  t h e  — d i r e c t i o n .
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When ( 1 . 3 4 )  i s  s u b s t i t u t e d  i n t o  ( 1 . 3 2 )  and t h e  i n t e g r a t i o n s  ov e r  
v e l o c i t y  a r e  p e r f o r m e d ,  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  r e s u l t s .
£  = l _ y ^ [ | - ^ + y  - L - f A » x y  
i z _  o j* .  Ll a-* z _  x *
*  h - - *
K A n v , w
£ > y - * Y _  T Z
n y*
f t , *
e. =  i -  y ~  —1 Z _  U)1
coz
-  Y \ An IYU
00* _ H A kt„
I - - ^ - + y
(iO~ mOCe<) u;co( X y
-  a  A ' .  A . )  x x
-  -  A. (V
n ; ot
| k i .  '  y
W 1  h „
Pol
e «  = l - L
Pol
00 '
k u  0 *
(T^ n W c <  
t o - h u U0 - h u ) (CM. Y= l - w ( J )
( 1 . 3 5 )
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w t t )  =  l *  | l ( £ )  ,  5  =
^  _  K T l f e l
oO
< *  =  T
III oC
i-ot ’*  m «K <*>?« I
A n ( ^ o i )  “  ( ^ « ) e
-X,
-* \ ^  7* Z*v x e , = ~  = o or k x  e, = o inI f  one assumes t h a t  
t h e  p r e v i o u s  d e r i v a t i o n ,  t h e  d i s p e r s i o n  r e l a t i o n  f o r  e l e c t r o s t a t i c  waves 
i s  o b t a i n e d .




^  X i  ( ^ * 0
6 ^ - w u ;  c *-/*,,>/«)
nuJcA  L
+ Ru
3VL H V U
=: 0
( 1 . 3 6 )
I f  ( 1 . 3 4 ) i s  s u b s t i t u t e d  i n t o ( 1 . 3 6 )  , t h e  f o l l o w i n g  form r e s u l t s .
H ,  c = ^
( 1 . 3 7 )
T h i s  d i s p e r s i o n  r e l a t i o n  h a s  t h e  i n t e r e s t i n g  p r o p e r t y  t h a t  i t  i n v o l v e s  a 
sum o v e r  s p e c i e s .  Thus one can see  t h e  i n d i v i d u a l  c o n t r i b u t i o n s  
t o  £ 6 ^ )  T h i s  p r o p e r t y  i s  h i d d e n  i n  ( 1 . 3 3 ) ,  where  t h e  d e t e r -
m in a n t  i n v o l v e s  t h e  m u l t i p l i c a t i o n  of  t h r e e  t e r m s .  I t  s h o u ld  be  n o t e d  
t h a t  ( 1 . 3 3 )  c o n t a i n s  t h e  s o l u t i o n  f o r  b o t h  e l e c t r o m a g n e t i c  and e l e c t r o ­
s t a t i c  waves ,  w h i l e  ( 1 . 3 7 )  i s  j u s t  f o r  e l e c t r o s t a t i c  waves.
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Both and U) a r e  complex q u a n t i t i e s .  F o r  growing  waves ,
UL rn  UL) ^  O i as  can  3een f rom t h e  e x p r e s s i o n  f o r  a p l a n e  wave.
^  .  -4  x ( C x - U J t )  £  x ( k - X - u ) R * )  uir *
E ( x ^ ) = E 0 e - E 0e. e
At a r o o t  one h a s  I n  l i n e a r
t h e o r y  one imposes  t h e  f o l l o w i n g  c o n d i t i o n s  a t  t h e  r o o t  f r e q u e n c y .
W r « U > R f £ I ( u J l k )  «  £ r ( ^ , £ )
T h i s  e n a b l e s  one t o  expand £  ( t^ |K )  a B a y l o r  s e r i e s  a b o u t  (a i n
powers  o f  t h e  s m a l l  q u a n t i t y  C/Jj  ^  ^ and a l s o  e n s u r e s  t h e  waves a r e  grow­
i n g  w e a k ly .  Thus a t  t h e  roo t^
2 £(u>)
£ ( U J R+ a u ) x )  =  0  =  i  ( u V )  t  a  u ) r
u>)
LkJ = UJR U)=U)r
Both t h e  r e a l  and i m a g i n a r y  p a r t s  o f  t h e  T a y l o r  s e r i e s  above  mus t  e q u a l  
z e r o .  ThuSj
q  ~  h i g h e r  o r d e r  t e rm s  ( 1 . 3 8 )
0  _  c  , s 7  £ z  ( w R)
X (. R/ £  —~  +* h i g h e r  o r d e r  t e rm s  ( 1  3 9 )
d  (aJx
E q u a t i o n s  ( 1 . 3 8 )  and ( 1 . 3 9 ) a r e  s o l v e d  f o r  t h e  r e a l  and i m a g i n a r y  f r e ­
q u e n c i e s .  E q u a t i o n  ( 1 . 3 9 )  can  be r e w r i t t e n  i n  t h e  f o l l o w i n g  form.
u d z  -  -  £ i  2 £ * . \  ( i .40 )
j -  r o o t  f r e q u e n c y
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w here  t h e  Cauchy-Riemann c o n d i t i o n s  h a v e  b e e n  u s e d  f o r  an a n a l y t i c  
f u n c t i o n ,  i . e .
:es  aOne s e e s  f rom  ( 1 . 4 0 )  t h a t  ^ ^ p r o d u c e  
p o s i t i v e  LJ-j- . One c a n  a l s o  h a v e  ^ £ r / / 9 0 J ^ < 0  and t o
p r o d u c e  a p o s i t i v e  . The a n a l y s i s  above w i l l  g i v e  s i m i l a r  r e s u l t s
f o r  d e t  A. = 0 , t h e  d i s p e r s i o n  r e l a t i o n  f o r  e l e c t r o m a g n e t i c  waves .
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Q u a s i l i n e a r  Theory 
Q u a s i l i n e a r  t h e o r y  i s  so named a s  i t  i s  n o t  a c o m p l e t e l y  non­
l i n e a r  t h e o r y  b u t  u s e s  t h e  r e s u l t s  o f  l i n e a r  t h e o r y  a s  d e r i v e d  
p r e v i o u s l y .  I n  l i n e a r  t h e o r y  an u n s t a b l e  d i s t r i b u t i o n  w i l l  p r o d u c e  
growing  w aves ,  t h e  g rowth  r a t e s  of  which  a r e  p r e d i c t e d  by t h e  t h e o r y .
As waves b e g i n  t o  grow t h e y  may i n t e r a c t  w i t h  t h e  p a r t i c l e s  i n  t h e  
d i s t r i b u t i o n  c a u s i n g  them t o  a c q u i r e  d i f f e r e n t  e n e r g i e s  and p i t c h  a n g l e s .  
L i n e a r  t h e o r y  does  n o t  t a k e  i n t o  a c c o u n t  t h e  p o s s i b i l i t y  of  ch a n g es  i n  
b u t  q u a s i l i n e a r  t h e o r y  d o e s .  To summarize,  we may d i s t i n g u i s h  
be tw e en  two d i f f e r e n t  k i n d s  of  w a v e - p a r t i c l e  i n t e r a c t i o n s .  One i s  t h e  
w a v e - p a r t i c l e  i n t e r a c t i o n  o f  l i n e a r  t h e o r y ,  where  an u n s t a b l e  d i s t r i ­
b u t i o n  o f  p a r t i c l e s  p r o d u c e s  g rowing  w aves ,  and t h e  o t h e r  i s  t h a t  of  
q u a s i l i n e a r  t h e o r y ,  where  ch a n g es  as  a r e s u l t  o f  t h e  growing  waves.
The d e t a i l s  o f  t h e  l a t t e r  i n t e r a c t i o n  a r e  t h e  s u b j e c t  h e r e .
I n  q u a s i l i n e a r  t h e o r y  t h e  q u a n t i t i e s  ol\, E , , B. ,
and B0  w i l l  h ave  t h e  same meaning as  i n  t h e  l i n e a r  t h e o r y .  I n  t h e  
f o l l o w i n g  d e r i v a t i o n  t h e  s p a ce  a v e r a g e  i s  u s e d .
< > J c  3
The s p a c e  a v e r a g e  o f  f *  -  £ < « +  i s
= v _Jt 'k'>+ £*>]
s i n c e  i s  t h e  e q u i l i b r i u m  d i s t r i b u t i o n  f u n c t i o n ,  homogeneous th rough
ou t  i n f i n i t e  s p a c e .  We have  t h e  a d d i t i o n a l  d e f i n i t i o n s
<  =  <  * > >  =  I ,  =  0  .
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One w i l l  c o n s i d e r  on ly  e l e c t r o s t a t i c  waves .  Upon t a k i n g  t h e  sp a c e  av­
e r a g e  o f  t h e  V lasov  e q u a t i o n  f o r  one o b t a i n s
+  < ^ . v £ >  + — < ( e  * = 0 .
3 *  T  '  c  -1 v /
Looking a t  each  t e rm  s e p a r a t e l y ,  one h a s  
f i r s t  t e rm
second te rm
r
V £i. =  0





s i n c e
T h i r d  te rm
—^ ^
s i n c e  *E -  0
V ‘
<  I , . v .  ( +  U >  =  < 1E.  >  • ■V j  ^ > >
=  <C E j  * ^  f o a ' )  =  ^  E ,
< /  v _ ^ B o  t ^  -  ) L £ h .  , v 7  f * *  +
s  r
t  ^  . v , < f .
v x  8,
<*0
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Thus,  one i s  l e f t  w i t h
V  ? x Bn r* r _
----------  x      • \ /-> 'oco —
" 3 *  ►«*. c  v
■ £ —  v y  < e .  -P*,>
r v u  v  i /  .
( 1 . 4 1 )
T h i s  i s  t h e  q u a s i l i n e a r  e q u a t i o n  f o r  e l e c t r o s t a t i c  waves i n  a pl asm a  
immersed i n  a u n i f o r m  e x t e r n a l  m a g n e t i c  f i e l d .  The e q u a t i o n  above 
can  be w r i t t e n  i n  t e r m s  of  f o u r i e r  t r a n s f o r m s  f o r  and








-  ----  V -‘ —
nn«  v V




no. £. = - no. V; V —6.)’ 'K
( 1 . 4 2 )
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i s  t h e  p e r t u r b a t i o n  on o b t a i n e d  from l i n e a r  t h e o r y ,  equa­
t i o n  ( 1 . 2 5 ) .
$ T = - —  a r L - v L ( x , V e  (1>43)
k  v
where Br* — 0  s i n c e  t h i s  t r e a t m e n t  i s  f o r  e l e c t r o s t a t i c  waves on ly .
k
A f t e r  s u b s t i t u t i n g  ( 1 . 4 3 )  i n t o  ( 1 . 4 2 ) ,  t h e  same m a t h e m a t i c a l  
m a n i p u l a t i o n s  w i l l  be u s e d  on ( 1 . 4 2 )  as  were u se d  i n  t h e  d e r i v a t i o n  
o f  t h e  l i n e a r  d i s p e r s i o n  r e l a t i o n  ( 1 . 3 3 ) .
The r e s u l t  i s
l o t  X  r t f  —----------  -j- ------- ------------  ‘ v  Tolt
3 *  C
^  * .  I n i l  T T T T- ^
( \ * f  ~ 7 7  ~  ^ o p  T<*, ( V, a)
K (k«\ / u ,  u ) )m  v  n, £=-<*>
( 1 . 4 4 )
where
-n _  ll^c.4 2 , U 2 __  T  -  T  f  \
Y,. 3 Vj_ +  “ j  J "  '  )
E d , i>= - v  i(«V)= - v j ®  = - ‘ 4
Because  "fo<o i s  i n d e p e n d e n t  of  j>  ^ e q u a t i o n  ( 1 . 4 4 )  i s  a v e ra g e d  over  
and t h e  i d e n t i t y
sJo
i s  u s e d .  The second  t e r m  on t h e  LHS of  ( 1 . 4 4 )  v a n i s h e s .
47
Thus,
-  A .  7 ~ — [ r V ° f  f i i z r )  , * £  1 4  A  f «°
M l  Z - v J ( OTp  f  V w “ U ( M , + » « U - w )  P
Because  (jJ — + where OJ^ < <  tO ^  , one can  u s e  t h e  r e s u l t
from complex a n a l y s i s ,
I-  -'p-----------------  tAirJ (ku\/„+WCK-w)
K . V ,  4 - ^ ^  , - - 1 0  k uVu + n ^ Ccl-<>)iuv u t »-w CoL
where  P = P r i n c i p a l  Va lue .
A l s o ,  t h e  e n e rg y  d e n s i t y  i n  t h e  e l e c t r o s t a t i c  f i e l d  i s  d e f i n e d  a s
« >  =  < £ >  = - f I  f e l f J t
—  \ £  fit k  j (ergs/cm"^ in  mode k)
■ ,-t T r
Note t h a t  R ^  r* ’ E "l •
k ~k k  “ R
Thus.
~s J. to7: Z _  . r3  * n= — oo
-p------!---------
*  TT S(  k ttVH + n o » 7 Co(- u ^ ' )  T n - ^ | -  3 o p  ^0 d - 4 5 >
J k
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Because  t h e  e l e c t r i c  f i e l d  E i s  a r e a l  q u a n t i t y ,  t h e  f o l l o w ­
i n g  r e l a t i o n s  a r e  o b t a i n e d .
E  ( x , * )  -
I
3 \ E r* Jk
?  V *  j_\ -  1 f ? #  ( k - x -  u l  t )
E ( x ' ^ - W 3 J E k "  h cl k
rr  -  "* *S in c e  C  — E  j
-*  *
E -  Er* 
-k  k
i t  f o l l o w s  t h a t
( 1 . 4 6 a )
Cel* =  => Wr (-^) = -<Jr ( S ) ) u)t (-k) = WI (1^ )
One a l s o  s e e s  t h a t  ( 1 . 4 6 b )
J /  *
With t h e  u s e  o f  ( 1 , 4 6 a )  , ( 1 . 4 5 )  can be  p u t  i n  t h e  f i n a l  form as
L -? r r - L  2_ v , d 2 _  j. —  —  v, ft,.
=  V y  £  • v j  ( i .  ~ L  v i  J-1  > L ? v l(
2_o.+ 2 _  D„, ——  + „
”3 v/t, *3Vj_ ^
/ ■ l i  v t  I - ' )
=  V. Vi -3Vl  > ?<f„ )
D u .
^ V l( 1  E “ '>
MU
f o tO
D ( r e s o n a n t )  ^   ^n o n r e s o n a n t )
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E q u a t i o n  ( 1 . 4 7 )  was o b t a i n e d  by assuming  LaJ j . <  <  . T h i s  a l ­
lowed t h e  i n t e g r a n d  t o  b e  s p l i t  i n t o  two p a r t s .  One i n v o l v e s  a p r i n c i ­
p a l  v a l u e  i n t e g r a l ,  t h e  n o n r e s o n a n t  p a r t ,  and t h e  o t h e r  i n v o l v e s  t h e  
p o l e  w here  v^ + n W [<( -  UJ = 0 ,  t h e  r e s o n a n t  p a r t .  The n o n r e s o ­
n a n t  p a r t  i n v o l v e s  p a r t i c l e s  t h a t  a r e  n o t  i n  r e s o n a n c e  w i t h  t h e  wave,  
and t h u s  k ^  v(i + n U/c ^  -  UJ 9k  0. S i n c e  U) = U)R 4 a yJx , t h e r e  i s
a f i n i t e  0  f o r  n o n r e s o n a n t  p a r t i c l e s  t h a t  e n s u r e s  t h a t  t h e r e
i s  a growing  wave in  t h e  p l a s m a  which w i l l  e x i s t  f o r  a t ime  p e r i o d  long 
enough t o  a l l o w  n o n r e s o n a n t  p a r t i c l e s  t o  d i f f u s e .  On t h e  o t h e r  h a n d ,
t h e  r e s o n a n t  t e r m  i s  v a l i d  i n  t h e  l i m i t  (aJj - 0  . Thus i n s i d e
t h e  d e l t a  f u n c t i o n  i s  s e t  e q u a l  t o  . I n  p r a c t i c e ,  \ and
t h e  s e p a r a t i o n  i n t o  r e s o n a n t  and n o n r e s o n a n t  p a r t s  i s  v a l i d  as  long as
W X «  '
CHAPTER I I
OBSERVATIONS
M acroscop ic  Q u a n t i t i e s  
The m ea su rem e n ts  made by i n s t r u m e n t s  on t h e  s a t e l l i t e  g i v e  one 
i n f o r m a t i o n  on v a r i o u s  p a r a m e t e r s  t h a t  c h a r a c t e r i z e  t h e  p l a s m a  around 
t h e  s a t e l l i t e .  I n  t h i s  s t u d y ,  one makes u s e  o f  p a r t i c l e  m easu rem en ts  
o b t a i n e d  by io n  and e l e c t r o n  d e t e c t o r s .  With t h e s e  m e a s u r e m e n ts ,  i t  
i s  e a s y  t o  o b t a i n  d i s t r i b u t i o n  f u n c t i o n s ,  f ^ ( v ) , f o r  a  s p e c i e s  o< . Once 
f*<?> i s  known,  t h e n  m a c r o s c o p i c  q u a n t i t i e s  c a n  be found by t a k i n g  mo­
m en ts  o f  t h e  d i s t r i b u t i o n .  The v a r i o u s  moments o f  t h e  d i s t r i b u t i o n  
which a r e  o f  i n t e r e s t  i n  t h i s  s t u d y  a r e  g i v e n  be low .
d e n s i t y : H  =  d V  > (cm"3 ) ( 2 . 1 )
d r i f t  v e l o c i t y :   — ] > ^cm s ( 2 . 2 )
p a r a l l e l  t e m p e r a t u r e :
K T lu=  ^ J c V W o V ^ y v )  d v  , (eV) ( 2 . 3 )
p e r p e n d i c u l a r  t e m p e r a t u r e :
rvw
V ?  {  ( v )  4  V  , ( eV )  ( 2 . 4 )
^  f t*  4.
O t h e r  m a c r o s c o p i c  q u a n t i t i e s  which a r e  o f  i n t e r e s t  b u t  which a r e
K T ,  =
n o t  c a l c u l a t e d  h e r e  a r e  t h e  f o l l o w i n g :
f i e l d  a l i g n e d  c u r r e n t  d e n s i t y :  >(amp m ) ( 2 . 5 )
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p a r a l l e l  momentum f l u x :
X,|ol — J" I I i (gm cm s ^ ) ( 2 . 6 )
p a r a l l e l  ene rgy  f l u x :
J  ( 1  ) Vl l " f x ( V) i v  ( e r g  cm 2 s X) ( 2 . 7 )
p a r a l l e l  h e a t  f l u x :
% I! * = ^  l  K-U°*) 1 V - U0 J  (v) Jl V ( e rg cm ^ s  ^ ) ( 2 . 8 )
In  t h e  f o l l o w i n g  a n a l y s i s ,  an ^ ( v )  i s  o b t a i n e d  by f i t t i n g  t h e  
measured  d i s t r i b u t i o n  w i t h  M a x w e l l i a n s .  T h i s  i s  done  in  o r d e r  to  p e r ­
form t h e  s t a b i l i t y  a n a l y s i s ,  which u s e s  M a xw e l l i an  d i s t r i b u t i o n s .  With 
th e  f i t t e d  d i s t r i b u t i o n s ,  t h e  d e n s i t y ,  d r i f t  v e l o c i t y ,  and t e m p e r a t u r e  
a r e  e x p l i c i t  i n  f ^ ( v ) ,  and t h e s e  moments do n o t  h a v e  t o  be t a k e n .  A l s o ,  
one i s  i n t e r e s t e d  p r i m a r i l y  i n  t h e  m a c r o s c o p ic  p r o p e r t i e s  o f  t h e  beams,  
which a r e  p a r t  o f  t h e  t o t a l  d i s t r i b u t i o n .  When t a k i n g  t h e  moment o f  t h e  
t o t a l  d i s t r i b u t i o n ,  t h e  beam p r o p e r t i e s  c a n n o t  be s e p a r a t e d  o u t .  I f  a 
number o f  M a xw e l l i an s  a r e  f i t t e d  t o  t h e  d i s t r i b u t i o n ,  one o f  which  i s  
the  beam M a x w e l l i an ,  t h e n  t h e  beam M axwell ian  c o n t a i n s  a l l  o f  t h e  beam 
p r o p e r t i e s .
T he re  a r e  d i s c r e p a n c i e s  i n  f i t t i n g  t h e  d a t a  w i t h  M a x w e l l i a n s .  As 
i t  t u r n s  o u t ,  t h e  e l e c t r o n  d i s t r i b u t i o n  f i t s  e x t r e m e l y  w e l l  w i t h  a Max­
w e l l i a n .  Hie e l e c t r o n s  h a v e  a t t a i n e d  an e q u i l i b r i u m  a t  t h e  s a t e l l i t e ,  
e x c e p t  f o r  t h e  non -M a xw eI l ia n  f e a t u r e s  o f  a l o s s  cone  and a s m a l l  h o l e  
i n  t h e  downgoing p a r t i c l e s .  The l o s s  c one  and t h e  s m a l l  h o l e  a r e  n o t  
c h a r a c t e r i s t i c  o f  t h e  e n t i r e  d i s t r i b u t i o n .  Thus,  one would e x p e c t  a 
s p e c i e s  in  t h e r m a l  e q u i l i b r i u m  t o  b e  a M axw el l i an  d i s t r i b u t i o n .
The ions  a r e  a d i f f e r e n t  c a s e .  They h a v e  b e e n  a c c e l e r a t e d  th ro u g h  
a p o t e n t i a l  d rop  to  DE-1 a l t i t u d e s  t o  form beams.  As one l o o k s  a t  t h e  
d i s t r i b u t i o n  f u n c t i o n s  i n  t h e  n e x t  s e c t i o n ,  one s e e s  a d i s t r i b u t i o n  t h a t
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r e s e m b le s  a M a x w e l l i an ,  e s p e c i a l l y  i n  h y d r o g e n ,  b u t  h a s  n o n -M a xw el l ia n  
f e a t u r e s .  Such f e a t u r e s  c o u ld  be a s t e e p e n i n g  on one s i d e  of  t h e  peak 
and a f l a t t e n i n g  on t h e  o t h e r  s i d e .  Such an asym m etr ic  d i s t r i b u t i o n  
c o u ld  be f i t  by two M a x w e l l i a n s .  T h i s  would p r o v i d e  a b e t t e r  f i t ,  bu t  
would c o m p l i c a t e  t h e  s t a b i l i t y  a n a l y s i s  by g i v i n g  two s t r e a m i n g  compo­
n e n t s  when one beam i s  s e e n  i n  e i t h e r  H+ o r  0 + . When t h e s e  f i t s  a r e  
pu t  i n t o  t h e  s t a b i l i t y  a n a l y s i s ,  one would g e t  r e l a t i v e  s t r e a m i n g  i n ­
t e r a c t i o n s  be tw e en  t h e  two components  d e s c r i b i n g  a s i n g l e  beam. One 
f i t s  a s i n g l e  M a x w e l l i a n  t o  t h e  beam d i s t r i b u t i o n  i n  o r d e r  t o  g e t  a 
s i n g l e  s t r e a m i n g  v e l o c i t y  and a c h a r a c t e r i s t i c  p e r p e n d i c u l a r  and p a r a l ­
l e l  t e m p e r a t u r e .
P a r t i c l e  Measurements
T h i s  s tu d y  i s  b a s e d  on wave and p a r t i c l e  o b s e r v a t i o n s  of  t h e  spa ce  
e n v i ro n m en t  a t  3 . 3  R^, t h e  a l t i t u d e  a t  which t h e  Dynamics E x p l o r e r  I 
s a t e l l i t e  p a s s e d  t h r o u g h  t h e  a u r o r a l  zone .  DE-1 c o n t a i n e d  an i o n  mass 
s p e c t r o m e t e r ,  e n a b l i n g  one t o  o b t a i n  m easu rem en ts  of  b o t h  t h e  e n e rg y  
and c o m p o s i t i o n  o f  t h e  a u r o r a l  p lasm a .  The E n e r g e t i c  I o n  C o m p o s i t io n  
S p e c t r o m e t e r  (EICS) ( S h e l l e y  e t  a l . ,  1981)  made m ea su rem e n ts  of  H and 
0+ a t  24 p i t c h  a n g l e s  and 15 e n e r g i e s  i n  t h e  r ange  10 eV t o  17 keV. The 
i n s t r u m e n t a l  f u l l  w i d t h s  a t  h a l f  maximum were 160 t o  200 eV, e n a b l i n g  
one t o  r e s o l v e  beams peaked  a t  1 keV o r  h i g h e r .
I n  t h e  sa m p l in g  mode, t h e  d e t e c t o r  would sample H and 0 on d i f ­
f e r e n t  s i x  second  s p i n  p e r i o d s ,  s a m p l in g  t h e  low er  e i g h t  e n e r g i e s  f i r s t ,  
and f i n a l l y ,  t h e  h i g h e r  s e v en  e n e r g i e s .  Thus ,  c o m p le te d  d i s t r i b u t i o n s  
of  H+ and 0+ were  o b t a i n e d  d u r i n g  a 24 second  t im e  p e r i o d ,  o r  f o u r  s p i n  
p e r i o d s .  The c e n t e r  e n e r g i e s  of  t h e  15 e n e rg y  c h a n n e l s  a r e ,  i n  eV, 62
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231,  433,  647,  874 ,  1116,  1646,  2246,  2923,  3689,  5029,  6638,  9300,
12700, and 17043.  I n  F i g u r e  7, d a t a  from t h e  EICS i s  shown f o r  O c t o b e r  
4 ,  1981 d u r i n g  a s a t e l l i t e  c r o s s i n g  of  t h e  a u r o r a l  zone i n  t h e  m i d n i g h t  
s e c t o r  w i t h  m a g n e t i c  l o c a l  t im e  21 h o u r s  57 m i n u t e s  and i n v a r i a n t  l a t i ­
t u d e  6 8 ° .  U n i v e r s a l  t im e  i s  on t h e  h o r i z o n t a l  a x i s ,  and e n e rg y  i n  keV 
i s  on t h e  v e r t i c a l  a x i s .  The co u n t  r a t e  i s  a p p r o x i m a t e l y  t e n  c o u n t s  p e r  
sample .  Da ta  f o r  h y d r o g e n  i s  i n  t h e  t o p  p a n e l .  The m id d le  p a n e l  i s  
oxygen.  The lo w e r  p a n e l  does  no t  d i s c r i m i n a t e  i o n  s p e c i e s ,  and t h e  p i t c h  
a n g l e  o f  t h e  i n s t r u m e n t  i s  on t h e  bo t tom .
The s a t e l l i t e  p a s s e s  t h r o u g h  t h e  a u r o r a l  a c c e l e r a t i o n  r e g i o n  a t  
1404 UT where one can  s e e  a t r a n s i t i o n  from a f i e l d  a l i g n e d  i s o t r o p i c  
f l u x  t o  f i e l d  a l i g n e d  beams w i t h  an e n e rg y  o f  a p p r o x i m a t e l y  4 keV. I t  
i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e r e  i s  no ba ckground  p r e s e n t  i n  t h e  oxy­
gen ,  and t h a t  any b a c kg round  p r e s e n t  i n  h y d ro g en  o u t s i d e  t h e  a u r o r a l  
zone i s  r e d u c e d  c o n s i d e r a b l y  when beams a r e  s e e n .  I t  i s  p o s s i b l e  t h a t  
a c o l d  H+ backg round  e x i s t s  w i t h  an e n e rg y  i n  t h e  r an g e  of 10-30 eV.
The d e t e c t o r  i s  u n a b l e  t o  make a r e l i a b l e  measurement  of  a c o l d  compo­
n e n t  w i t h  j u s t  i t s  l o w e s t  e n e r g y  c h a n n e l .
With t h e  e n e rg y  and p i t c h  a n g l e  i n f o r m a t i o n ,  one can  make d i s t r i b u ­
t i o n  f u n c t i o n  p l o t s  of  e a c h  i o n  s p e c i e s  i n  v e l o c i t y  s p a c e .  The c o o r d i ­
n a t e  \ ^ = : V C . o 5 6  i s  t h e  v e l o c i t y  of t h e  p a r t i c l e  a lo n g  t h e  m a g n e t i c  
f i e l d ,  and VSiki© i s  t h e  v e l o c i t y  o f  t h e  p a r t i c l e  p e r p e n d i c u l a r
t o  t h e  m a g n e t i c  f i e l d .  The d e t e c t o r  m e a s u r e s  t h e  p a r t i c l e  e n e rg y  f l u x ,
- 2  - 1  - 1  - 1  j  (#  p a r t i c l e s  • cm • sec  • s r  • eV ) .  T h i s  i s  c o n v e r t e d  t o  f
3 “ 6 2(#  p a r t i c l e s  • s ec  • km ) t h r o u g h  t h e  r e l a t i o n  j  = 2Ef/m , where E i s
t h e  p a r t i c l e ' s  e n e r g y ,  and m i s  i t s  m ass .  D i s t r i b u t i o n  f u n c t i o n s  were
e x t r a c t e d  i n  t h i s  way f o r  t h e  t im e  p e r i o d  d u r i n g  which  t h e  beams were
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p r e s e n t  i n  F i g u r e  7. These  a r e  shown i n  F i g u r e s  8 - 1 1 .  F i g u r e s  8 - l l a  
a r e  h y d r o g e n  d i s t r i b u t i o n s .  F i g u r e s  8 - l l b  a r e  oxygen d i s t r i b u t i o n s .
I n  F i g u r e s  8 - l l c ,  t h e  combined d i s t r i b u t i o n  f u n c t i o n  i s  shown 
where  The mass r a t i o  f a c t o r  i s  i n s e r t e d  b e -
c a u s e  i n  t h e  s t a b i l i t y  a n a l y s i s  we e v a l u a t e  , which  i n v o l v e s
a m u l t i p l i c a t i o n  by Ct)p^ as  each  s p e c i e s  i s  summed. Thus ,  t h e  com­
b i n e d  d i s t r i b u t i o n  f u n c t i o n  i s  an e f f e c t i v e  H d i s t r i b u t i o n ,  where t h e  
0+ c o u n t s  a r e  i n t e r p r e t e d  as  i f  t h e y  were  H+. I n  t h e  combined d i s t r i ­
b u t i o n ,  one can  s e e  t h e  H+- 0 + i n t e r a c t i o n  as  t h e  f i l l i n g  i n  of  t h e  
v a l l e y  be tw e en  t h e  two p e a k s  i n  p a r a l l e l  v e l o c i t y .  The s p e c i e s  w i t h  
t h e  h i g h e r  s t r e a m i n g  v e l o c i t y ,  H+ , h a s  t r a n s f e r r e d  e n e rg y  t o  t h e  s p e c i e s  
w i t h  t h e  l o w e r  s t r e a m i n g  v e l o c i t y ,  0 + .
I n  F i g u r e  12,  t h e  1 /2  co u n t  d i s t r i b u t i o n  i s  shown. A l l  p l o t s  con­
t a i n  a 1 / 2  c o u n t  l e v e l  a t  p o i n t s  where  t h e  d e t e c t o r  m ea su red  0  c o u n t s .
The i o n  d i s t r i b u t i o n  f u n c t i o n s  r e v e a l  some i n t e r e s t i n g  f e a t u r e s  
o v e r  t h i s  t im e  p e r i o d .  A l l  d i s t r i b u t i o n s  have  e v o lv e d  from what  t h e y  
would l o o k  l i k e  i n  t h e  s o u r c e  r e g i o n  o f  t h e  i o n o s p h e r e ,  where T 6  I eV • 
A l l  H+ d i s t r i b u t i o n  f u n c t i o n s  e x h i b i t  a s t e e p e n i n g  on t h e  h i g h  v e l o c i t y  
s i d e  o f  t h e  beam, which  i s  a f e a t u r e  o f  t h e  c o l d  s o u r c e  r e g i o n  a lo n g  
w i t h  any a d i a b a t i c  c o o l i n g  t h a t  may o c c u r  as  t h e  i o n s  a c c e l e r a t e  t h ro u g h  
a d i v e r g i n g  m a g n e t i c  f i e l d .  The H+ a l s o  r e v e a l s  p e r p e n d i c u l a r  h e a t i n g  
as  w e l l  as  p a r a l l e l  h e a t i n g  on t h e  low e n e rg y  s i d e  of  t h e  peak .  The 0 
p o s s e s s e s  a h i g h  e n e r g y  i o n  t a i l  which i s  more  p ronounced  t h a n  t h e  H . 
T h i s  t a i l  e x t e n d s  i n  t h e  p e r p e n d i c u l a r  as  w e l l  a s  i n  t h e  p a r a l l e l  d i r e c ­
t i o n ,  as  can  be s e e n  i n  F i g u r e s  8 - l l b .  T h i s  s u g g e s t s  t h a t  t h e  H h a s  
t r a n s f e r r e d  e n e rg y  t o  t h e  0 by w a v e - p a r t i c l e  i n t e r a c t i o n s .  I n  t h i s  
e n e rg y  t r a n s f e r ,  0 i o n s  would s c a t t e r  t o  h i g h e r  v e l o c i t i e s ,  and H
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i o n s  would s c a t t e r  t o  low er  v e l o c i t i e s .  The s e p a r a t e  H+ and 0+ d i s ­
t r i b u t i o n  f u n c t i o n s  show t h e  f e a t u r e s  t h a t  s u p p o r t  t h i s  c o n c l u s i o n .
A M axwell ian  f i t  t o  t h e  s e p a r a t e  io n  d i s t r i b u t i o n s  i s  u s e d  t o  p e r ­
fo rm  a l i n e a r  s t a b i l i t y  a n a l y s i s  t o  s ee  which waves a r e  made u n s t a b l e  
by t h e  o b s e rv e d  d i s t r i b u t i o n .  Three  M axw el l i an s  f i t t e d  t h e  d a t a ,  i n ­
c l u d i n g  one beam, and two b a c k g ro u n d .  The two b a c kg round  M axwell ians  
f i t t e d  on ly  t h e  1 /2  c o u n t  l e v e l  i n  t h e  c a s e  f o r  oxygen.  In  t h e  c a s e  
f o r  h y d r o g e n ,  t h e  two b a c k g ro u n d  M axw el l i an s  f i t t e d  t h e  1 /2  c o u n t  p l u s  
h o t  b a c k g ro u n d .  Only t h e  beam M axw el l i ans  were  u se d  in  t h e  s t a b i l i t y  
a n a l y s i s .  T h i s  worked w e l l  w i t h  oxygen ,  s i n c e  no b a c kg round  c o u n t s  
were  d e t e c t e d .  The h o t  h y d r o g e n  b a c kg round  i s  p r e s e n t ,  b u t  i t s  t e m p e r ­
a t u r e  and d e n s i t y  a r e  u n c e r t a i n .  Many c h a n n e l s  d e t e c t e d  0 c o u n t s ,  mak­
ing a s u b t r a c t i o n  o f  t h e  beam p l u s  1 / 2  c o u n t  f rom t h e  t o t a l  i o n  d e n s i t y  
u n r e l i a b l e ,  s i n c e  t h e  r e s u l t  would have  c o u n t s  i n  e v e ry  c h a n n e l .  I t  i s  
c o n c lu d e d  t h a t  t h e  h o t  h y d r o g e n  b a c kg round  d e n s i t y  i s  s m a l l ,  l e s s  t h a n  
t h e  beam d e n s i t y ,  and i s  c h a r a c t e r i z e d  by a t e m p e r a t u r e  on t h e  o r d e r  o f  
1-5 keV.  Thus,  i t  would c o n t r i b u t e  l i t t l e  t o  t h e  damping of  any grow­
ing  p la sm a  waves .
The f i t t e d  p a r a m e t e r s  o f  t h e  beam M ax w e l l i an s  a r e  g i v e n  in  T a b le
-3
1. The h y d ro g en  d e n s i t y  i s  c o n s t a n t  a t  .05 cm , w h i l e  t h e  oxygen 
f l u c t u a t e s  d u r i n g  t h e  beam o b s e r v a t i o n s .  The h y d rogen  s t r e a m i n g  v e ­
l o c i t y  i s  a lways  h i g h e r  t h a n  t h e  oxygen s t r e a m i n g  v e l o c i t y  as  a r e s u l t  
of  t h e  d i f f e r e n c e  i n  mass  b e tw e e n  th e  two s p e c i e s .  T h i s  i s  t o  be  c o n ­
t r a s t e d  w i t h  t h e  s t r e a m i n g  e ne rgy  of  oxygen ,  which i s  a p p r o x i m a t e l y  
t w i c e  t h a t  o f  h y d r o g e n .  The n on -M a xw el l ia n  p r o p e r t i e s  of  t h e  beams 
w i l l  i n t r o d u c e  some e r r o r s  i n  t h e s e  r e s u l t s .  T h i s  i s  e x p l o r e d  be low .
The p e r p e n d i c u l a r  t o  p a r a l l e l  t e m p e r a t u r e  r a t i o  of  h y d r o g e n  i s  c o n s i s ­
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t e n t l y  <. 1 , w h i l e  1 *L i s  .X 1 f o r  oxygen e x c e p t  f o r  t h e  f o u r t h  f i t .
Tj,
Thus,  one s e e s  t h a t  t h e r e  i s  more p e r p e n d i c u l a r  h e a t i n g  o f  oxygen t h a n  
h y d r o g e n .
Because  t h e  beams a r e  s t e e p  on one s i d e  i n  v e l o c i t y  s p a ce  and 
s t r e t c h e d  ou t  on t h e  o t h e r ,  t h e  s i n g l e  M axw el l i an  f i t  w i l l  peak a t  a 
d i f f e r e n t  p a r a l l e l  v e l o c i t y  th a n  i n  t h e  d a t a .  F o r  h y d r o g e n ,  which  i s  
s t r e t c h e d  o u t  on th e  low v e l o c i t y  s i d e ,  t h e  f i t t e d  peak  w i l l  be l e s s  t h a n  
t h e  peak i n  t h e  d a t a .  F o r  oxygen ,  which i s  s t r e t c h e d  ou t  on t h e  h i g h  
v e l o c i t y  s i d e ,  t h e  f i t t e d  peak w i l l  be g r e a t e r  t h a n  t h e  peak in  t h e  
d a t a .  Thus ,  t h e  s t r e a m i n g  e n e r g i e s  o b t a i n e d  from t h e  f i t  i n  T a b le  1 
a r e  a l i t t l e  m i s l e a d i n g .
A b e t t e r  d e t e r m i n a t i o n  o f  t h e  s t r e a m i n g  e ne rgy  c a n  b e  made by e x ­
amining  t h e  c o n t o u r  p l o t s  i n  f i g u r e s  8 - 1 1 .  H and 0 a r e  p l o t t e d  in  
v e l o c i t y  s p a c e ,  b u t  on t h e  same e ne rgy  s c a l e .  Thus ,  a c o m p a r i s o n  of  
t h e  peak  e ne rgy  o f  t h e  H and 0+ beams f o r  a g i v e n  t ime p e r i o d  can  be 
o b t a i n e d  by v i s u a l l y  exam in ing  t h e  p o s i t i o n  o f  t h e  peak on t h e  v - p a r a -  
l l e l  a x i s .  Fo r  t h e  f i r s t  and f o u r t h  t im e  p e r i o d s ,  f i g u r e s  8 and 11
•f +
show t h e  H and 0 beams p e a k i n g  a t  t h e  same e n e r g y .  F o r  t h e  second 
and t h i r d  t im e  p e r i o d s ,  i t  i s  v e ry  a p p a r e n t  t h a t  oxygen p e a k s  a t  a 
h i g h e r  e n e rg y  t h a n  h y d r o g e n .  One s u g g e s t i o n  as t o  why t h i s  o c c u r s  
c o u l d  b e  t h a t  w a v e - p a r t i c l e  i n t e r a c t i o n s  a t  lower  a l t i t u d e s  e n a b le d  t h e  
t r a n s f e r  o f  s t r e a m i n g  e n e rg y  from h y d r o g e n  t o  oxygen.
A n o th e r  p o s s i b i l i t y  i s  t h a t  oxygen was p r e f e r e n t i a l l y  h e a t e d  p e r ­
p e n d i c u l a r  t o  t h e  m a g n e t i c  f i e l d  e i t h e r  a t  or  above t h e  s o u r c e  r e g i o n .
As t h e  oxygen f a l l s  t h ro u g h  th.j p o t e n t i a l  d r o p  t o  fo rm a beam, c o n s e r v -
2
a t i o n  o f  ytt = l / 2 ( m v x  ) /B would d e c r e a s e  t h e  p e r p e n d i c u l a r  e n e rg y  o f  
t h e  h e a t e d  p a r t i c l e s  enough t o  make them a p p e a r  a lm o s t  f i e l d  a l i g n e d .
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C o n s e r v a t i o n  o f  ene rgy  r e q u i r e s  v(( t o  i n c r e a s e  i n  t h i s  p r o c e s s .  As B 
d e c r e a s e s  f rom .5 g a u s s  t o  .014 g a u s s  a t  DE-1 a l t i t u d e s ,  t h i s  c o r r e s ­
ponds t o  a d e c r e a s e  i n  p e r p e n d i c u l a r  e n e rg y  by a f a c t o r  o f  36.  S im u l ­
t a n e o u s  measurem ents  o f  t h e  0 and H+ d i s t r i b u t i o n s  a t  low a l t i t u d e  
would c o n f i r m  w h e t h e r  t h i s  i s  a c o r r e c t  c o n c l u s i o n .
Two p a r a m e t e r s  t h a t  w i l l  e f f e c t  t h e  s t a b i l i t y  of  p lasm a  waves a r e  
t h e  d e n s i t y  and t e m p e r a t u r e  o f  t h e  e l e c t r o n s .  The e l e c t r o n  d a t a  was 
o b t a i n e d  from t h e  Sou th w e s t  R e s e a rc h  I n s t i t u t e s ' s  High A l t i t u d e  P la sm a  
I n s t r u m e n t  (HAPI) d e t e c t o r  (Burch e t  a l .  , 1981 ) .  A c o m p l e te  d i s t r i b u ­
t i o n  i s  o b t a i n e d  d u r i n g  one s i x  second  s p i n  p e r i o d .  The d e t e c t o r  c o n ­
t a i n e d  28 ene rgy  b i n s .  Each e n e rg y  b i n  a c c e p t e d  i o n s  in  t h e  ene rgy  
r an g e  / I E ,  w i t h  A E/E = 32%, E b e i n g  th e  c e n t e r  e n e rg y  of  t h e  b i n .
The c e n t e r  e n e r g i e s  w e r e ,  i n  eV, 6 , 8 , 10 ,  13 ,  18, 2 3 ,  31 ,  4 2 ,  5 6 ,  74,  
99 ,  132 ,  176 ,  235 ,  313 ,  4 1 7 ,  554 ,  739,  984 ,  1319,  1753,  2339,  3121,
41 8 7 ,  5569 ,  7425,  9900,  and 13206.
The d i s t r i b u t i o n  f u n c t i o n s  c o r r e s p o n d i n g  t o  t h e  i o n  d i s t r i b u t i o n  
in  f i g u r e  9 ,  T = 1 4 : 0 4 :3 5  -  1 4 : 0 4 : 5 9 ,  a r e  shown i n  f i g u r e s  13 -17 .  
P o s i t i v e  v(| p o i n t s  down i n t o  t h e  i o n o s p h e r e .  An a r t i f i c i a l  1 /2  c o u n t  
i s  i n s e r t e d  where t h e  d e t e c t o r  measured 0 c o u n t s .  A h o l e  i s  s e en  in
g
t h e  downgoing e l e c t r o n s  a t  v (| = 10 x 10 c m / s e c .  T h i s  i s  most  l i k e l y
due t o  p o t e n t i a l  s t r u c t u r e s  t h a t  e x i s t  above t h e  s a t e l l i t e ,  and s u g g e s t s  
t h a t  a p o t e n t i a l  p a r a l l e l  t o  t h e  m agne t ic  f i e l d  e x i s t s  a t  t h e  s a t e l l i t e .  
The e l e c t r o n  p r e c i p i t a t i o n  a s s o c i a t e d  w i t h  t h e  ion  beams i s  n o t  s e en  a t  
t h e  s a t e l l i t e  b e c a u s e  t h e  s a t e l l i t e  i s  above t h e  p o t e n t i a l  d rop  which 
a c c e l e r a t e d  t h e  i o n  beams o u t  o f  t h e  i o n o s p h e r e .  At  lower  a l t i t u d e s  
e l e c t r o n s  p a s s  t h ro u g h  t h e  p o t e n t i a l  d r o p  t o  p roduce  a u r o r a .
In  t h e  upgo ing  e l e c t r o n s  t h e r e  i s  a widened  l o s s  cone  which a p p e a r s
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a t  s m a l l  p i t c h  a n g l e s .  The m os t  d i s t i n c t i v e  f e a t u r e  i s  t h e  t r a n s i t i o n  
from a warm e l e c t r o n  component  t o  a v e r y  s t e e p ,  c o l d  component  a t  s m a l l  
j v | .  T h is  c o l d  component  i s  p ro d u ce d  by p h o t o e l e c t r o n s  when s u n l i g h t  
im pinges  on t h e  s a t e l l i t e  and i s  n o t  c h a r a c t e r i s t i c  o f  t h e  s u r r o u n d i n g  
p lasm a .
The warm d i s t r i b u t i o n  i s  c h a r a c t e r i z e d  v e r y  w e l l  by an i s o t r o p i c
-3Maxwell ian  w i t h  T = 500 eV and n = .2  cm . T h i s  can  be  s e e n  i n  T a b lee
2 ,  where  t h e  M axwell ian  f i t  p a r a m e t e r s  a r e  g i v e n  f o r  f i v e  c o n s e c u t i v e  
t ime  p e r i o d s  r o u g h ly  c o r r e s p o n d i n g  t o  t h e  i o n  d i s t r i b u t i o n  T = 1 4 :0 4 :3 5  
-  1 4 : 0 4 : 5 9 .  The f i t  a l s o  p roduced  a low d e n s i t y  4 . 4  keV component .  The 
a v e r a g e  t e m p e r a t u r e  o f  t h e  f i v e  f i t s  was u sed  in  t h e  s t a b i l i t y  a n a l y s i s .  
Both t h e  warm and h o t  components  were  u s e d .  The e l e c t r o n  d e n s i t y  was 
s e t  e q u a l  t o  t h e  t o t a l  ion  beam d e n s i t y  i n  o r d e r  t o  p r e s e r v e  c h a r g e  ne u ­
t r a l i t y .  T h i s  v a l u e  came to  a p p r o x i m a t e l y  .1 cm which i s  w i t h i n  t h e  
f a c t o r  o f  2 u n c e r t a i n t y  i n  t h e  measurem ent  o f  v e ry  low d e n s i t i e s  (B u rc h ,  
1985) .  Any c o l d  h y d r o g e n  p lasm a  t h a t  m ig h t  be p r e s e n t  was n o t  i n c l u d e d .  
A r e l i a b l e  e s t i m a t e  o f  t h i s  v a l u e  c a n n o t  be  e x t r a c t e d  f rom t h e  m e a s u r e ­
m e n t s .  One c a n n o t  m easu re  a c o l d  backg round  w i t h  t h i s  d e t e c t o r  s i n c e  
a l l  c o u n t s  would be  in  t h e  l o w e s t  e n e rg y  c h a n n e l .  Using a t e c h n i q u e  
t h a t  i n v o l v e s  t h e  u p p e r  c u t o f f  o f  w h i s t l e r  mode a u r o r a l  h i s s  ( P e r s o o n ,
e t  a l . , 1 9 8 3 ) ,  t h e  s a t e l l i t e  m easu red  a  b a c kg round  d e n s i t y  t h a t  d ropped  
- 3  -3from 4 cm to  .2 cm as  t h e  s a t e l l i t e  e n t e r e d  t h e  a u r o r a l  zone .
Because  o f  t h e  u n c e r t a i n t i e s  i n v o lv e d  w i t h  t h i s  m easu rem en t  a t  v e ry  
low d e n s i t i e s ,  one c o n c l u d e s  t h a t  i t  i s  p o s s i b l e  t h a t  a c o l d  component  
w i t h  a d e n s i t y  e q u a l  to  t h e  beam d e n s i t y  a c t u a l l y  e x i s t s .  A l s o ,  i t  i s  
e q u a l l y  p o s s i b l e  t h a t  no c o l d  h y d r o g e n  i s  p r e s e n t ,  s i n c e  i f  i t  w ere  p r e ­
s e n t  in  t h e  lower a c c e l e r a t i o n  r e g i o n  d u r i n g  t im e  p e r i o d s  o f  u p g o in g  i o n
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beams,  i t  would be a c c e l e r a t e d  upward to  become p a r t  o f  t h e  beam.
Wave O b s e r v a t i o n s  
Wave o b s e r v a t i o n s  d u r i n g  t h i s  t ime  p e r i o d  were  made by t h e  U n i v e r ­
s i t y  o f  Iowa P la sm a  Wave I n s t r u m e n t  (Shawhan e t  a l . , 1 9 8 1 ) .  U n f o r t u ­
n a t e l y ,  t h e  m easu rem en ts  a r e  n o t  o f  h i g h  q u a l i t y  i n  t h e  f r e q u e n c y  r a n g e  
o f  i n t e r e s t .  In  f i g u r e  18 ,  t h e  d i f f e r e n t i a l  e l e c t r i c  f i e l d  i n t e n s i t y  
i s  p l o t t e d  as  a f u n c t i o n  o f  f r e q u e n c y .  In  t h e  low f r e q u e n c y  r a n g e ,  
which  i s  o f  i n t e r e s t  h e r e ,  t h e  measurem ents  a r e  s p a r s e  w i t h  few d a t a  
p o i n t s .  T y p i c a l  e l e c t r i c  f i e l d  a m p l i t u d e s  a t  f r e q u e n c i e s  n e a r  5 Hz a r e  
.5 mV/m. T h i s  i s  a low f l u c t u a t i o n  l e v e l  and i s  t o  be  e x p e c t e d ,  as  t h e  
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T a b le  1
H+ 1 4 :0 4 :1 1  1 4 :0 4 :3 5  1 4 : 0 4 : 5 9  1 4 :0 5 :2 3
N 0 .0 52  0 .0 4 6  0 .0 4 8  0 .0 52
u 0 .4 9  0 . 6 6  0 .6 9  0 .7 4
W° 1 .3  2 . 3  2 . 5  2 . 9
T° 82 120 130 150
Tx 42 83 54 110
+
0
N 0 .0 8 5  0 .0 5 6  0 .0 24  0.065
u 0 .1 6  0 .2 4  0 . 2 3  0 .22
W° 2 . 1  4 . 8  4 . 4  4 . 0
T°, 100 220 110 330
Ta 100 210 160 140
M axwell ian  F i t s :  DE-1 Oc tobe r  4 ,  1981
T a b le  2
Warm 1 4 : 0 4 :3 3 1 4 : 0 4 : 3 9 1 4 :0 4 :4 5 1 4 : 0 4 :5 1 1 4 : 0 4 : 5 7
N 0.22 0 .21 0 .2 0 0 .2 0 0 .17
T„ 520 550 550 480 530
Tx 550 550 520 570 520
Hot
N 0 .0 1 3 0 .0 1 6 0 .0 12 0 .012 0 .014
T.» 4400 4500 5100 4400 4100
T* 4400 3900 4800 4500 4100
M axwell ian  F i t s :  DE-1 e l e c t r o n s  Oc tobe r  4 ,  1981
—3 8D e f i n i t i o n s :  N = d e n s i t y  (cm ) ,  u = s t r e a m i n g  v e l o c i t y  (10  c m / s ) ,
W = s t r e a m i n g  e n e rg y  ( k e V ) , T», = p a r a l l e l  t e m p e r a t u r e  ( e v ) ,  TA = 
p e r p e n d i c u l a r  t e m p e r a t u r e  (eV)
October 4 ,  1981 
DE-1 (5FR) 81 2 7 7  14:04:19 -  14:04:27
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CHAPTER I I I
STABILITY OF THE OBSERVED PLASMA
E l e c t r o m a g n e t i c  Waves 
O r i g i n a l l y  t h i s  s t u d y  was d e s i g n e d  t o  i n v e s t i g a t e  t h e  s t a b i l i t y  of  
e l e c t r o m a g n e t i c  waves i n  t h e  o bse rve d  p lasm a  a t  3 . 3  R^ g e o c e n t r i c .  I f  an 
e l e c t r o m a g n e t i c  wave w i t h  a phase  v e l o c i t y  be tw een  t h e  H and 0 + beam 
v e l o c i t i e s  i s  found t o  be u n s t a b l e ,  i t  c o u ld  be a mechanism which  medi ­
a t e s  t h e  e n e rg y  t r a n s f e r  f rom t h e  H+ t o  t h e  0 +, as  i s  r e v e a l e d  i n  t h e  
o b s e rv e d  d i s t r i b u t i o n  f u n c t i o n s .  Low f r e q u e n c y  e l e c t r o m a g n e t i c  waves a r e  
o b s e rv e d  on S3-3 and a s t a b i l i t y  a n a l y s i s  shows t h a t  downward s t r e a m i n g  
e l e c t r o n s  a r e  r e s p o n s i b l e  f o r  wave g rowth (Tem er in  and L y s a k ,1 9 8 4 ) .  The 
pl asma i n  q u e s t i o n  h e r e  i s  s t a b l e  t o  low f r e q u e n c y  e l e c t r o m a g n e t i c  waves 
s im p ly  b e c a u s e  t h e  s o u r c e  of  f r e e  e n e rg y  needed  t o  d r i v e  t h e  waves i s  no t  
a v a i l a b l e .  To compare w i t h  a s tu d y  of h o t  i o n  beam i n s t a b i l i t i e s  ( S m i th ,  
1985 ) ,  beam v e l o c i t i e s  on t h e  o r d e r  of  10 V were u s e d ,  where  V i s  t h e  
A l f v e n  speed  o r  t h e  v e l o c i t y  of  ha rm on ic  v i b r a t i o n s  of  r e s o n a t i n g  mag­
n e t i c  f i e l d  l i n e s .
o. "'i ~7a
v = C f + ^
A L ^  c*>£,
The beam v e l o c i t i e s  o b s e r v e d  on DE-1 a r e  . 0 1 - . 0 7  V . ,  which a r e  t o oA
sm a l l  t o  d r i v e  A l f v e n  waves ,  much l e s s  e l e c t r o m a g n e t i c  waves a t  h i g h e r  
f r e q u e n c i e s .
With t h e s e  c o n s i d e r a t i o n s  i t  was s t i l l  i n f o r m a t i v e  t o  lo o k  a t  t h e  
d i s p e r s i o n  of  low f r e q u e n c y  e l e c t r o m a g n e t i c  modes i n  a t w o - i o n  com­
ponen t  p lasm a  and t o  t e s t  prog ram DISP3, which n u m e r i c a l l y  s o l v e s  t h e
( c m / s e c ) ( 3 . 1 )
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e l e c t r o m a g n e t i c  d i s p e r s i o n  r e l a t i o n  as  d e r i v e d  i n  C h a p t e r  I .  A de­
s c r i p t i o n  of  p rogram  DISP3 i s  g i v e n  i n  Appendix B. A l s o ,  e l e c t r o m a g n e t i c  
waves u n d e rg o  p o l a r i z a t i o n  c hanges  i n  a t w o - i o n  component  p l a s m a ,  and i t  
was w o r t h w h i l e  t o  i n v e s t i g a t e  p o s s i b l e  wave g rowth  due t o  t h i s  e f f e c t .
Low f r e q u e n c y  e l e c t r o m a g n e t i c  waves i n  a t w o - i o n  component  pl asma 
have  been  s t u d i e d  by Smith and B r i c e , 1964;  Young e t  a l . ,  1981; and Andre ,  
1985.  The p lasm a  t h a t  was i n p u t  t o  DISP3 c o n t a i n e d  t h e  two f i t t e d  Max- 
w e l l i a n s  t o  t h e  s e p a r a t e  H+ and 0 + beams i n  t h e  d i s t r i b u t i o n  T = 1 4 :0 5 :2 3  
-  1 4 :0 5 :5 9  p l u s  an e q u a l  number o f  e l e c t r o n s  w i t h  a t e m p e r a t u r e  of  100 eV. 
In  f i g u r e  20 an ( )^ v s .  k p l o t  o f  t h e  v a r i o u s  r i g h t  and l e f t  p o l a r i z e d  
e l e c t r o m a g n e t i c  waves t h a t  e x i s t  i n  t h i s  p lasm a  i s  shown. The e l e c t r i c  
f i e l d  o f  r i g h t  p o l a r i z e d  waves r o t a t e s  i n  t h e  same s e n s e  as  e l e c t r o n s ,  
which i s  c o u n t e r c l o c k w i s e  when t h e  m a g n e t i c  f i e l d  i s  ou t  of  t h e  page .
L e f t  p o l a r i z e d  waves r o t a t e  i n  t h e  same s e n s e  a s  i o n s ,  i . e .  c o u n t e r ­
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I n  f i g u r e  20 t h e  wave n o rm a l  a n g le  ©  i s  0°  so  t h a t  t h e  waves d e p i c t ­
ed p r o p a g a t e  p a r a l l e l  t o  Bq . F o r  f i n i t e  k A , and kx «  k () , t h e  d i s p e r ­
s i o n  doe s  n o t  cha nge  much and f i g u r e  20 c a n  be u s e d  t o  i d e n t i f y  t h e  
modes.  At f r e q u e n c i e s  be low t h e  oxygen c y c l o t r o n  f r e q u e n c y  t h e r e  a r e  
two modes,  an  R and an L-mode. Fo r  > t h e  d i s p e r s i o n  r e ­
l a t i o n s  o f  t h e  two modes a r e  
Li i
UJX = \ ± g  R, CaJ<< u J to ( 3 . 2 a )
_  kV  C05X6  L> U J < <  U)CM)UJt0 . ( 3 . 2 b )
\ +■ & \  i  /
£  -  V T r ( n Mrv\H+ o.rv># ) c  / g *
The r i g h t  p o l a r i z e d  mode i s  c a l l e d  t h e  f a s t  c o m p r e s s i o n a l  mode o r  
m a g n e to s o n ic  mode. The l e f t  p o l a r i z e d  mode i s  c a l l e d  t h e  s low A l f v e n  
mode. S i n c e  t h e  f a s t  mode i s  r i g h t  p o l a r i z e d ,  i t  i s  u n a f f e c t e d  by t h e  
r e s o n a n c e  a t  (jJco , and p a s s e s  r i g h t  t h ro u g h  i t .  The A l f v e n  mode i s  l e f t  
p o l a r i z e d  and i s  a f f e c t e d  by t h e  r e s o n a n c e  a t  . F o r  (a) n e a r  Ci)co
t h i s  mode i s  c a l l e d  t h e  e l e c t r o m a g n e t i c  i o n  c y c l o t r o n  mode.
At h i g h e r  f r e q u e n c i e s  t h e  R-mode mee ts  a n o t h e r  b r a n c h  of  t h e  L- 
mode n e a r  t h e  h y d r o g e n  c y c l o t r o n  f r e q u e n c y .  T h i s  second  L-mode i s  a 
f e a t u r e  o f  a t w o - i o n  component  p lasm a .  At © = 0 °  t h e  R and L-modes 
a p p e a r  t o  c r o s s  each  o t h e r ,  when a c t u a l l y  what  h a p p e n s  i s  a p o l a r i ­
z a t i o n  r e v e r s a l  a t  t h e  c r o s s o v e r  f r e q u e n c y ,  LJc r • Thus ,  t h e  R-mode 
becomes t h e  L-mode and t h e  L becomes t h e  R. The L-mode h a s  a r e s o ­
na nce  a t  U  and a c u t o f f  a t  (jJ,£ . One h a s  a r e s o n a n c e  o r  c u t o f f  
£H CT
when t h e  i n d e x  o f  r e f r a c t i o n ,  n=kc/u> , goes  t o  i n f i n i t y  o r  z e r o ,
r e s p e c t i v e l y .  The c u t o f f  f  r e q u e n c y , C J c ^  > anc* c r o s s o v e r  f r e q u e n c y
( J  , a r e  g i v e n  by t h e  f o l l o w i n g  c o l d  p lasm a  r e l a t i o n s  (Andre ,  1985)
-  i^yU Jc0 + = 9 1 .7  s ' 1 ( 3 . 3 )
u > „ =  +  <3-4 >
|f| -  r e l a t i v e  abundances  o f  h y d ro g en  and oxygen
These f r e q u e n c i e s  w i l l  b e  s l i g h t l y  s h i f t e d  b e c a u s e  o f  t h e  h o t  ion  and
e l e c t r o n  components  u s e d  h e r e .
Above C*J in  f i g u r e  20 t h e  R-mode c o n t i n u e s  t o  p r o p a g a t e  and i s  C n
c a l l e d  t h e  w h i s t l e r  mode. F o r  CO <UX , t h e  w h i s t l e r  mode h a s  a r e s o -ce pe
n a n c e  a t  . F o r  (/)„ < 0J  t h e  w h i s t l e r  mode h a s  a r e s o n a n c ec.« ce.
a t  • Another  b r a n c h  o f  t h e  L-mode c a n  be s e e n  in  t h i s  f r e q u e n c y
r a n g e  and i s  t h e  l e f t  p o l a r i z e d  l i g h t  wave. Th i s  wave h a s  a lower 
c u t o f f  g i v e n  by
\ j j  — i / .  I.)  -+ V U J , „  +  ^  ^ \  ( 3 . 5 )V = 4 . ( - W c e +  ' )  .
Because  o f  i t s  l e f t  p o l a r i z a t i o n  t h i s  wave i s  u n a f f e c t e d  by t h e  r e s o ­
na nc e  a t  t h e  e l e c t r o n  c y c l o t r o n  f r e q u e n c y .  D i s p e r s i o n  r e l a t i o n s  f o r  
t h e  L and R-modes a t  h i g h  f r e q u e n c i e s  a r e  g i v e n  by t h e  f o l l o w i n g .
n  =  1 —   —  L ' W » W t  ( 3 . 6 )
^  -  I R » ( 3 . 7 )n  -  | —------------------   c h )  ce re
QcV— o3ce  coS&joJ
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I n  f i g u r e  21 one h a s  t h e  same d i s p e r s i o n  p l o t  f o r  0  = 6 0 ° ,  ex­
c e p t  f o r  t h e  0+ L-mode, which  i s  p l o t t e d  f o r  0  = 4 0 ° .  At a l l  Q > 0 ° ,  
t h e  R-L and L-R b r a n c h e s  do n o t  touch  each  o t h e r  a t  t h e  c r o s s o v e r  
f r e q u e n c y .  The gap i n  t h e  L-R mode n e a r  where  t h e  l i n e a r  d i s p e r ­
s i o n  r e l a t i o n  l o s e s  t h e  mode i s  due t o  c y c l o t r o n  damping.
The waves i n  f i g u r e  21 a r e  damped,  and c o n t i n u e  t o  be  damped as  t h e  
wave normal  ang le  i s  i n c r e a s e d  toward  90° o r  d e c r e a s e d  toward  0° .  Th i s
c a n  be  u n d e r s t o o d  by f o c u s i n g  on th e  band  o f  p a r a l l e l  p ha se  v e l o c i t i e s  
7 8f o r  10 <  ^  fk < "10  cm/s  shown i n  f i g u r e  21 .  One i s  lo o k in g  f o r  a 
growing wave w i t h  a p a r a l l e l  p h a s e  v e l o c i t y  i n  t h i s  r a n g e ,  which c o v e r s  
t h e  r a n g e  o f  hyd rogen  and oxygen beam v e l o c i t i e s .  Waves i n  t h i s  r e g i o n  
w i l l  i n t e r a c t  s t r o n g l y  w i t h  t h e  beam i o n s .  T h i s  i s  done by means o f  t h e  
Landau r e s o n a n c e ,  where  p a r t i c l e s  w i t h  p a r a l l e l  v e l o c i t y  v j( a r e  i n  r e ­
sonance  w i t h  a  wave w i t h  p a r a l l e l  p h a s e  v e l o c i t y  ( x / /k l( . I n  t h i s  way
beam io n s  c a n  t r a n s f e r  e n e r g y  t o  waves and waves can  t r a n s f e r  e ne rgy  to  
t h e  i o n s .  As c a n  be  s e e n  i n  f i g u r e  2 1 ,  t h e  p a r a l l e l  p ha se  v e l o c i t i e s  of
g
t h e  waves a r e  nuch g r e a t e r  t h a n  10 c m / s , s i n c e  *^ /k  ^ / k ^  . Thus ,
W / k „ >  U , t h e  b earn v e l o c i t y  o f  h y d r o g e n ,  which i s  a lways h i g h e r  than  U H
oxygen .  Hie two L-modes i n  f i g u r e  21 seem t o  e x t e n d  toward  t h e  d o t t e d  
l i n e s ,  b u t  s t o p  b e f o r e  t h e y  r e a c h  t h i s  r e g i o n .  T h i s  i s  b e c a u s e  t h e s e  
waves u n d e rg o  s t r o n g  c y c l o t r o n  damping when ijJ —> •
F o r  c o m p l e t e n e s s  t h e  s e a r c h  i s  e x te n d e d  t o  h i g h e r  wave normal  
a n g l e s .  The p e r p e n d i c u l a r  waves have  v e ry  h i g h  p a r a l l e l  p h a s e  v e l o c i ­
t i e s ,  making a  Landau r e s o n a n c e  w i t h  beam io n s  u n l i k e l y .  T h i s  i s  b e ­
c a u s e  t h e  beam v e l o c i t i e s  a r e  much l e s s  t h a n  U J / k  . There  m ig h t  
be  a p o s s i b i l i t y  o f  a c y c l o t r o n  r e s o n a n c e  w i t h  t h e s e  waves .
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At © n e a r  90° t h e  p e r p e n d i c u l a r  e l e c t r o m a g n e t i c  wave a t  low f r e ­
q u e n c i e s  i s  t h e  tw o - io n  c o u n t e r p a r t  t o  t h e  X-mode in  a s i n g l e  io n  s p e ­
c i e s  p lasm a .  T h i s  mode i s  c a l l e d  t h e  e-mode and h a s  two b r a n c h e s  which 
a r e  shown in  f i g u r e  22 .  The u p p e r  b r a n c h  c o n n e c t s  t o  t h e  u p p e r  R-mode 
a t  s m a l l e r  © and t h e  l ow e r  b r a n c h  c o n n e c t s  t o  t h e  lower R-mode a t  
s m a l l e r  0- . The u p p e r  e-mode h a s  a r e s o n i n c e  a t  t h e  lower  h y b r i d  f r e ­
quency,  and a c u t o f f  a t  , where i s  g i v e n  by t h e  f o l l o w ­
ing .e-  N/
r  p  /  /  v q
where
( 3 . 8 )
(a)c« ^
X
O s -  ^ c h U ) co +
C ( C O p H ^ c o  +  ^ P o
The lower b r a n c h  h a s  a r e s o n a n c e  a t  a new f r e q u e n c y  c a l l e d  t h e  b i ­
h y b r i d  f r e q u e n c y ,  Ct)^ • (A ndre ,  1 9 8 5 ) .
%  + Ho
UJ, „ (a),'C  H  CO
m , ^ P U + ^ P O ^  O  ( 3 . 9 )
As can  be  s e e n  i n  f i g u r e  2 2 ,  t h e  d i s p e r s i o n  o f  t h e  e-mode i s  a 
s e n s i t i v e  f u n c t i o n  o f  k when k )  1 x  10 ^cm The e-mode goes  t o  a 
r e s o n a n t  f r e q u e n c y  which i s  s l i g h t l y  above t h e  c o l d  p la sm a  e x p r e s s i o n  
g i v e n  a bove ,  = 4 3 . 5  s T h i s  i s  b e c a u s e  o f  t h e  p r e s e n c e  of
oxygen ion  c y c l o t r o n  modes be low t h e  e —mode t h a t  e x i s t  in  a h o t  p lasm a .  
Th i s  s t r u c t u r e  c a n  be  s e e n  i n  more d e t a i l  by  l o o k i n g  a t  p l o t s  o f  t h e
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d i s p e r s i o n  r e l a t i o n ,  j ^ j  • f i g u r e s  2 3 - 2 5 ,  t h e  d i s p e r s i o n  r e l a t i o n ,
A , i s  p l o t t e d  as  a  f u n c t i o n  o f  f r e q u e n c y .
I n  f i g u r e  23 t h e  two b r a n c h e s  o f  t h e  e-mode a r e  shown. At k = 1
x 10 \ m   ^ t h e  u p p e r  b r a n c h  i s  j u s t  above t h e  lower  h y b r i d  r e s o n a n c e  
and t h e  lower  b r a n c h  i s  be tw e en  t h e  oxygen c y c l o t r o n  waves and C .
The b**1 ha rm onic  o f  t h e  oxygen c y c l o t r o n  wave e x i s t s  a t  t h e s e  p a r a m e t e r s  
and h a s  a f r e q u e n c y  o f  = 61 s ^ . There  a r e  6 0+ ion  c y c l o t r o n
waves b e c a u s e  6 ha rm on ic  t e rm s  were  p a r t  o f  t h e  i n p u t  t o  program DISP3. 
The number o f  ha rm on ic  t e rm s  f o r  H+ was two. The number o f  ion  c y c l o ­
t r o n  waves i n c r e a s e s  a s  t h e  number o f  ha rm on ic  te rm s  i n c r e a s e  b e c a u s e  
n m u l t i p l i e s  i n  t h e  d i s p e r s i o n  r e l a t i o n .
The l a r g e  p o s i t i v e  s t r u c t u r e  i n  | a J^ . i-n f i g u r e  23 i s  t h e  Landau 
damping from th e  t h r e e  s p e c i e s .  A m easu re  o f  t h e  amount  o f  damping i s  
g i v e n  by t h e  t h e r m a l  v e l o c i t y  o f  t h e  p a r t i c u l a r  s p e c i e s .  The peak o f  
t h e  e l e c t r o n  c o n t r i b u t i o n  t o  Landau damping o c c u r s  a t  k v , where v
II i l j  l i j
f  KTaX'Ai s  t h e  the  t h e r m a l  v e l o c i t y  o f  t h e  e l e c t r o n s ,  (^— —y L. The peaks
in  t h e  two ion  c o n t r i b u t i o n s  o c c u r  a t  lower  f r e q u e n c i e s ,  and a r e  o f f  
s c a l e  i n  f i g u r e  23 .  A l l  o f  t h e  waves i n  f i g u r e  23 have  p o s i t i v e  s l o p e s  
and a r e  damped. The h a r m o n i c s  o f  t h e  0 and H+ ion c y c l o t r o n  f r e q u e n ­
c i e s  a r e  marked and a r e  d o p p l e r  s h i f t e d  by t h e i r  r e s p e c t i v e  beam v e ­
l o c i t i e s .  The i o n  q y c l o t r o n  waves o c c u r  be tw e en  m u l t i p l e s  o f  t h e  ion  
c y c l o t r o n  f r e q u e n c i e s .  Note t h a t  t h e  f i r s t  0+ ion c y c l o t r o n  wave does  
n o t  a p p e a r  a t  t h i s  v a l u e  o f  k .  F i n a l l y ,  t h e r e  i s  c y c l o t r o n  damping,  
which o c c u r s  a t  t h e  c y c l o t r o n  f r e q u e n c i e s ,  and a t  each  h a rm o n i c .  T h i s  
can  b e  s e en  as  t h e  n a r r o w  p o s i t i v e  s t r u c t u r e  i n  | a | ^  a t
and a t  2 U  + k U . I n  oxygen t h e  damping i s  b a r e l y  v i s i b l e  as  s m a l l  
C n 11 H
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r i p p l e s  on to p  o f  t h e  Landau damping.
F i g u r e  24 i l l u s t r a t e s  t h e  s t r u c t u r e  o f  |A £  a t  t h e  c r o s s o v e r  f r e -  
—8 “ 1quency ,  . In  f i g u r e  2 4 a ,  k = 1 x 10 cm , t h e  L-mode h a s  t h e
h i g h e r  f r e q u e n c y  and t h e  R-mode h a s  t h e  lower  f r e q u e n c y .  As k i s  i n ­
c r e a s e d  th e  two modes move toward  each  o t h e r  as  can  be s e en  in  f i g u r e
_ g  _ 2
24b where k = 1 .1 7  x 10 cm . T h i s  v a l u e  o f  k a lm o s t  c o r r e s p o n d s  t o
th e c r o s s o v e r  f r e q u e n c y .  At  ©  = 0°^ |A becomes a s p i k e  b e c a u s e  t h e
two modes p r a c t i c a l l y  t o u c h  each  o t h e r ,  as  c a n  be  s e e n  i n  f i g u r e  24b.
At h i g h e r  &  t h e  L-R and R-L modes a r e  s e p a r a t e d  i n  k - s p a c e .  In  f i g u r e
“ 8 “ 124c k i s  i n c r e a s e d  t o  1 . 2  x 10 cm . Here the  two modes have  h i g h e r
f r e q u e n c i e s  above and h a v e  r e v e r s e d  t h e i r  p o l a r i z a t i o n .  Note t h a t
t h e  s l o p e s  o f  t h e  modes s t a y  t h e  same b e f o r e  and a f t e r  t h e  p o l a r i z a t i o n
r e v e r s a l .  D e t e r m i n a t i o n  o f  t h e  p o l a r i z a t i o n  o f  t h e  waves was done by
o b s e r v i n g  how t h e  modes b e h a v e  a t  t h e  io n  c y c l o t r o n  r e s o n a n c e s .  L e f t
p o l a r i z e d  modes h a v e  an u p p e r  c u t o f f  a t  an ion  c y c l o t r o n  r e s o n a n c e .
F i g u r e  25 i l l u s t r a t e s  how th e  e-mode b e h a v e s  a t  h i g h  k v a l u e s .
In f i g u r e  25a  k =2 x 10 "*cm  ^ and t h e  5 ^  and 6 ^  h a rm o n i c s  o f  t h e  0
th + ,io n  c y c l o t r o n  waves a r e  p r e s e n t .  The e-mode and t h e  6 0 ion  c y c l o ­
t r o n  wave h a v e  become t h e  same wave.  O r d i n a r i l y  i n  a c o l d  p lasm a  th e  
e-mode goes  t o  t h e  b i - h y b r i d  r e s o n a n c e  a t  When th e  p l a s m a  ha s
a f i n i t e  t e m p e r a t u r e  and io n  c y c l o t r o n  waves a r e  p r e s e n t ,  t h e  e-mode 
r e s o n a n c e  i s  s h i f t e d  t o  one o f  t h e  ion  c y c l o t r o n  r e s o n a n c e s .  In  f i g u r e  
25b where  k h a s  i n c r e a s e d  t o  2 . 5  x 10 ^cm * t h e  i o n  c y c l o t r o n  modes 
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E l e c t r o s t a t i c  Waves
I t  was found i n  t h e  p r e v i o u s  s e c t i o n  t h a t  t h e  o b s e r v e d  p l a s m a  was
s t a b l e  t o  e l e c t r o m a g n e t i c  waves .  T h i s  i s  n o t  t h e  c a s e  f o r  e l e c t r o s t a t i c
-y ->
w aves .  An e l e c t r o s t a t i c  wave i s  d e f i n e d  by t h e  c o n d i t i o n  k x E = 0.  
Some e l e c t r o m a g n e t i c  waves p r o p a g a t i n g  p a r a l l e l  t o  t h e  m a g n e t i c  f i e l d  
become p a r t i a l l y  o r  c o m p l e t e l y  e l e c t r o s t a t i c  when t h e  wave no rm a l  a n g l e  
i s  i n c r e a s e d .  T h i s  can  be  d e p i c t e d  by d raw in g  wave no rm a l  d i a g r a m s  
f o r  e l e c t r o m a g n e t i c  waves .  Wave no rm a l  d i a g r a m s  a r e  c o n s t r u c t e d  by
-*T
kp l o t t i n g  th e  p h a s e  v e l o c i t y  v e c t o r  W —  . F o r  t h e  w h i s t l e r  mode a t
R
f r e q u e n c i e s  be low th e  e l e c t r o n  p l a s m a  f r e q u e n c y  and above t h e  lower  
h y b r i d  r e s o n a n c e  ( ’ t *le  wave normal  d i a g r a m  l o o k s  l i k e  t h e
f o l l o w i n g .
\
/
w h i s t l e r  mode
F i g u r e  26
Thus ,  t h e  w h i s t l e r  mode w i l l  p r o p a g a t e  u n t i l  some maximum a n g l e  
w i t h  r e s p e c t  t o  t h e  m a g n e t i c  f i e l d  w here  i t  becomes e l e c t r o s t a t i c .  
From f i g u r e  26 i t  i s  s e e n  t h a t  t h e  p h a s e  v e l o c i t y  o f  t h e  wave goes  t o  
z e r o  a t  &  and t h e  wave i s  a t  a r e s o n a n c e .  At  t h i s  p o i n t  t h e  com-
T>
pon e n t  o f  t h e  e l e c t r i c  f i e l d  p e r p e n d i c u l a r  t o  r  v a n i s h e s .  At t h e  
lower  h y b r i d  r e s o n a n c e  ^0°.
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O t h e r  waves  n e v e r  e x p e r i e n c e  t h e  r e s o n a n c e  a t  9  and p r o p a g a t emajL
a t  a l l  a n g l e s .  At h i g h  U) t h e  l e f t  p o l a r i z e d  l i g h t  wave e x i s t s  p a r a l l e l
t o  t h e  m a g n e t i c  f i e l d .  I t  p r o p a g a t e s  a t  a l l  ang le s -  and becomes th e
o r d i n a r y  mode a t  l a r g e  & and CO > .
The e x t r a o r d i n a r y  mode i s  a h i g h  f r e q u e n c y  e l e c t r o m a g n e t i c  wave
t h a t  p r o p a g a t e s  p e r p e n d i c u l a r  t o  t h e  m agne t ic  f i e l d .  T h i s  wave i s  a
—^
h y b r i d  wave w i t h  t h e  E v e c t o r  r o t a t i n g  i n  an e l l i p s e  i n  t h e  p l a n e  p e r ­
p e n d i c u l a r  t o  Bq . In  t h e  f r e q u e n c y  r a n g e  ^ p e CJc€<C (jJ  <  t *ie
e x t r a o r d i n a r y  o r  X-mode e x p e r i e n c e s  a r e s o n a n c e  as  &  i s  d e c r e a s e d .
Thus ,  t h e  wave normal  d i a g r a m  looks  l i k e  f i g u r e  26 on ly  r o t a t e d  by 90 .
,  x
At t h e  u p p e r  h y b r i d  r e s o n a n c e   ^ — ( ,^p€ + ^ c e  ) t h i s  wave becomes
p u r e l y  e l e c t r o s t a t i c  w i t h  Q = 90°.
The waves t h a t  e x i s t  be tw een  t h e  h a rm o n ic s  o f  t h e  oxygen and h y d r o ­
gen  c y c l o t r o n  f r e q u e n c i e s  i n  f i g u r e  23 a r e  e l e c t r o s t a t i c  i o n  c y c l o t r o n  
waves .  These  waves e x i s t  on ly  a t  l a r g e  © . As ©  i s  d e c r e a s e d  from
90° t h e  waves become damped.
A n o t h e r  i o n  wave,  which w i l l  be t h e  t o p i c  f o r  t h e  r e s t  o f  t h i s  
c h a p t e r ,  i s  t h e  io n  a c o u s t i c  wave. Th i s  wave p r o p a g a t e s  w i t h  p ha se  v e ­
l o c i t y  w
Q  “  (  1 ^ )  > . ( 3 . 1 0 )A
I n  o r d e r  t o  s ee  t h e  c h a r a c t e r i s t i c s  of  t h e  ion  a c o u s t i c  wave ,  l e t  us  
look a t  t h e  f i n a l  p lasm a  p a r a m e t e r s  c h o s e n  f o r  s t u d y .
The f i n a l  d i s t r i b u t i o n  which  was c h o s e n  was T = 1 4 : 0 4 :3 5  -  1 4 : 0 4 :5  9 
f o r  i o n s .  The e l e c t r o n  t e m p e r a t u r e  was s e t  e q u a l  t o  t h e  a v e r a g e  t em pe r ­
a t u r e  o b t a i n e d  from t h e  f i t t e d  M axw el l i ans  t o  t h e  500 eV e l e c t r o n  com­
p o n e n t  d u r i n g  t h i s  t im e  p e r i o d .  The e l e c t r o n  d e n s i t y  was s e t  e q u a l  t o  
t h e  t o t a l  io n  d e n s i t y  i n  o r d e r  t o  p r e s e r v e  c h a r g e  n e u t r a l i t y .  The low
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d e n s i t y ,  5 keV e l e c t r o n  component which  came ou t  of  t h e  f i t  was a l s o  i n ­
c lu d e d  f o r  c o m p l e t e n e s s .  T h i s  component  ha s  a s m a l l  e f f e c t  on t h e  s t a b ­
i l i t y  o f  waves compared t o  t h e  o t h e r s ,  and w i l l  be l e f t  o u t  o f  t h e  f o l l o w ­
in g  d i s c u s s i o n .  Thus,  t h e r e  a r e  e s s e n t i a l l y  t h r e e  com ponen ts ,  two i o n  
beams d r i f t i n g  t h r o u g h  a warm e l e c t r o n  ba c k g ro u n d .  The p h y s i c a l  p i c t u r e  
can  be s e e n  i n  f i g u r e  27a .  F i g u r e  27a shows f o u r  waves a s s o c i a t e d  w i t h  
t h e  i o n  beams.  Each beam h a s  two waves ,  a f a s t  wave and a s low wave.
The f a s t  a c o u s t i c  waves a r e  d o p p l e r  s h i f t e d  f o rw ard  i n  t h e  d i r e c t i o n  of  
t h e  beams,  w i t h  p a r a l l e l  p ha se  v e l o c i t i e s  v p^|| = + ^ 0  ’ + >an<^
t h e  s low a c o u s t i c  waves a r e  d o p p l e r  s h i f t e d  backward  i n  t h e  o p p o s i t e  
d i r e c t i o n  o f  t h e  beams,  w i t h  p a r a l l e l  p h a s e  v e l o c i t i e s  v phj| = -  Cq ,
Uy -  . The sound s pe ed  f o r  s p e c i e s  o( i n  a two i o n  component p lasm a
o( and t h e  t o t a l  i o n  d e n s i t y ,  r e s p e c t i v e l y .  The two f a s t  waves a r e  p o s i ­
t i v e  e n e r g y  w aves ,  and grow when t h e i r  p h a s e  v e l o c i t i e s  l i e  i n  r e g i o n s  
where t h e r e  e x i s t  p o s i t i v e  s l o p e s  i n  t h e  d i s t r i b u t i o n  f u n c t i o n .  A p o s i ­
t i v e  e n e rg y  wave grows a s  r e s o n a n t  p a r t i c l e s  g i v e  e n e rg y  t o  t h e  wave.
Thus ,  r e s o n a n t  p a r t i c l e s  w i l l  d i f f u s e  t o  l ow e r  e n e r g i e s .  The f a s t  h y d ro ­
gen a c o u s t i c  wave i s  damped s i n c e  a l l  r e s o n a n t  p a r t i c l e s  e x i s t  i n  r e g i o n s  
o f  n e g a t i v e  s l o p e .  The f a s t  oxygen a c o u s t i c  wave i s  growing i f  t h e  r e s o ­
n a n t  g rowth  due t o  t h e  p o s i t i v e  s l o p e  i n  h y d r o g e n  overcomes Landau damp­
i n g  f r o m  t h e  e l e c t r o n s .  The s low i o n  a c o u s t i c  waves a r e  n e g a t i v e  e ne rgy  
waves which grow from a r e s o n a n t  i n t e r a c t i o n  w i t h  r e g i o n s  o f  n e g a t i v e  
s l o p e .  N e g a t i v e  e n e rg y  waves grow a s  r e s o n a n t  p a r t i c l e s  t a k e  e n e rg y  from 
t h e  wave. Thus ,  r e s o n a n t  p a r t i c l e s  d i f f u s e  t o  h i g h e r  e n e r g i e s  i n  t h i s  
c a s e .  When a n e g a t i v e  e n e rg y  wave i s  p r e s e n t ,  t h e  t o t a l  k i n e t i c  e n e rg y  
o f  t h e  i o n s  i s  l e s s  t h a n  when t h e  wave i s  a b s e n t .  The t o t a l  e n e rg y  o f
, whe re  and lO-p a r e  t h e  d e n s i t i e s  o f  t h e  s p e c i e s
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t h e  waves p l u s  p a r t i c l e s  i s  s t i l l  a p o s i t i v e  q u a n t i t y .  I f  one t r a n s f o r m s  
t o  t h e  h y d r o g e n  r e s t  f rame as  i n  f i g u r e  27b ,  i t  i s  c l e a r  t h a t  t h e  two s low 
waves a r e  g rowing .  Both a r e  p o s i t i v e  e n e rg y  waves as  a r e s u l t  o f  t h e  
t r a n s f o r m a t i o n  and a r e  r e s o n a n t l y  d r i v e n  by p o s i t i v e  s l o p e  r e g i o n s  i n  ve ­
l o c i t y  s p a c e .
The two modes o f  i n t e r e s t  a r e  t h e  s low H+ wave and t h e  f a s t  0+ wave, 
s i n c e  t h e i r  p ha se  v e l o c i t i e s  l i e  i n  be tw een  t h e  two beam v e l o c i t i e s .  When 
t h e  s t r e a m i n g  v e l o c i t i e s  of  t h e  two i o n  s p e c i e s  a r e  w e l l  s e p a r a t e d ,  t h e  
modes a l s o  s e p a r a t e  and assume t h e i r  f l u i d  c h a r a c t e r i s t i c s .  I f  t h e  d i s t r i ­
b u t i o n s  o v e r l a p ,  as  i s  t h e  c a s e  i n  t h i s  s t u d y ,  t h e n  r e s o n a n t  e f f e c t s  can 
t a k e  p l a c e  w i t h  t h e  o t h e r  s p e c i e s .  Resonan t  e f f e c t s  w i l l  a l s o  be  i n t r o ­
duced when a m a g n e t i c  f i e l d  i s  p r e s e n t ,  even  i f  t h e  d i s t r i b u t i o n s  a r e  w e l l  
s e p a r a t e d .  T h i s  i s  b e c a u s e  p a r t i c l e s  w i t h  v e l o c i t i e s  o u t s i d e  t h e  Landau 
r e s o n a n t  r e g i o n  can  r e s o n a t e  w i t h  t h e  wave th r o u g h  a ha rm onic  o f  t h e  c y c l o ­
t r o n  f r e q u e n c y  a c c o r d i n g  t o  t h e  r e s o n a n c e  c o n d i t i o n  k , , ' / , ^  - u )  s  0
F i n a l l y ,  i f  t h e  p ha se  v e l o c i t i e s  of  t h e  two waves a r e  such t h a t  
Uq + Cq , t h e n  an e x p l o s i v e  i n s t a b i l i t y  which i s  f l u i d l i k e  w i l l  be g e n e r ­
a t e d .  T h i s  i n s t a b i l i t y  h a s  been  s t u d i e d  i n  d e t a i l  by Bergmann and Lo tko ,
With t h e  f i t t e d  M a x w e l l i an s  t o  T = 1 4 :0 4 :3 5  -  1 4 :0 4 :5 9  i t  i s  found 
t h a t  t h e  s low h y d ro g en  a c o u s t i c  wave i s  t h e  growing  mode. O t h e r  waves 
which m igh t  be i m p o r t a n t  i n  t h i s  p lasm a  a r e  t h e  oxygen e l e c t r o s t a t i c  i o n  
c y c l o t r o n  waves ,  b u t  t h e s e  waves were s e e n  t o  be damped.
I n  f i g u r e  28a i s  a p l o t  of  t h e  d i e l e c t r i c  r e s p o n s e  f u n c t i o n ,  ( 1 . 2 3 ) .  
The growing  mode i s  marked w i t h  a d o t  and i s  t h e  s low h y d ro g en  a c o u s t i c
( 1 9 8 6 ) .
mode. The i m a g i n a r y  p a r t  of r o o t ,  s i g n i f y i n g
grow th .  The a n g l e  o f  p r o p a g a t i o n  i s  7 2 .6 °  which means t h i s  i s  t h e  o b l i q u e
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a c o u s t i c  wave. The wavenumber k i s  1 .7  x 10 cm which i s  much s m a l l e r
’HtTne.x \ ^  _ - 5  - l-  2 x 10 cm_  ( I  Vt h a n  t h e  Debye wavenumber f —  ^ I
T h i s  m ee t s  t h e  c r i t e r i o n  f o r  i o n  a c o u s t i c  waves ,  i . e .  t h e  w a v e l e n g t h  must  
be l a r g e r  t h a n  t h e  Debye l e n g t h .  The f r e q u e n c i e s  k(|UQ and kMU^ a r e  marked 
i n  f i g u r e  28a and o c c u r  where  p a s s e s  t h r o u g h  z e r o  w i t h  p o s i t i v e
s l o p e .  T h i s  i s  a c h a r a c t e r i s t i c  of t h e s e  f r e q u e n c i e s  and i s  no t  a g e n e r ­
a l  s t a t e m e n t  abou t  t h e  z e r o s  o f  . Because  changes  s i g n  a t  t h e s e
f r e q u e n c i e s  t h e y  d e t e r m i n e  b o u n d a r i e s  f o r  wave g ro w th ,  as  was s e e n  i n  
f i g u r e s  20 and 21 f o r  t h e  c a s e  o f  e l e c t r o m a g n e t i c  waves .  Thus t h e  p a r a l l e l  
pha se  v e l o c i t y  o f  t h e  wave i s  b e tw e en  t h e  two beam v e l o c i t i e s  and can  be 
a mechanism f o r  t h e  t r a n s f e r  o f  e n e rg y  from h y d ro g en  t o  oxygen. F i g u r e s  
28b-28d show t h e  s e p a r a t e  c o n t r i b u t i o n s  t o  £  — $1 £■<*. f rom each  s p e c i e s .
<X
The h y d r o g e n  c o n t r i b u t i o n ,  f i g u r e  28d,  i s  n e g a t i v e  a t  t h e  r o o t  f r e q u e n c y  
i n  b o t h  and £ ^  . The l a r g e  bumps i n  a r e  t h e  amount o f  Landau
damping p r e s e n t  f rom h y d r o g e n  and t h e  l o c a t i o n  o f  t h e i r  peaks  a r e  d e t e r ­
mined by t h e  h yd rogen  t h e r m a l  v e l o c i t y  k..v . The oxygen c o n t r i b u t i o n ,) U TH
f i g u r e  28c ,  h a s  a l a r g e  p o s i t i v e  i m a g in a r y  p a r t  a t  t h e  r o o t  f r e q u e n c y  and 
i s  r e s p o n s i b l e ,  t o g e t h e r  w i t h  t h e  e l e c t r o n s ,  f o r  t h e  r e s o n a n t  g rowth  of  
t h e  wave. The f i r s t  bump i n  E j  i s  t h e  Landau g rowth c o n t r i b u t i o n  w i t h  a 
peak  a t  k^CU^ + v j q )- The a d d i t i o n a l  bumps i n  o c c u r  a t  t h e  d o p p l e r  
s h i f t e d  h a rm o n ic s  of  t h e  oxygen c y c l o t r o n  f r e q u e n c y  and r e p r e s e n t  c y c l o ­
t r o n  g ro w th ,  as  opposed t o  c y c l o t r o n  damping i n  t h e  c a s e  o f  a p o s i t i v e
e n e rg y  wave. The s m a l l  bump i n  £ R n e a r  = 27s   ^ i s  t h e  f i r s t  oxy-
—¥
gen i o n  c y c l o t r o n  wave which h a s  no t  formed a r o o t  a t  t h i s  v a l u e  of  k .
At h i g h e r  © i t  w i l l  form a r o o t  and w i l l  c o u p l e  s t r o n g l y  w i t h  t h e  o-  
b l i q u e  a c o u s t i c  wave. I n  f i g u r e  28b t h e  e l e c t r o n  c o n t r i b u t i o n  i s  shown. 
Both and a r e  p o s i t i v e  o v e r  t h e  f r e q u e n c y  r a n g e  o f  i n t e r e s t .  The
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p o s i t i v e  adds t o  t h e  oxygen c o n t r i b u t i o n  to  p r o d u c e  g ro w th .
The p o s i t i v e  adds  t o  t h e  oxygen and h y d r o g e n  ' s  to  make th e
wave.  In  f i g u r e  29 c o n t o u r s  o f  t h e  g rowth  r a t e  U , t h e  p a r a l l e l
Vgil ' 'Aj.growth  l e n g t h  D()= , and t h e  p e r p e n d i c u l a r  g rowth l e n g t h  D^ _ = — — ,
a r e  shown i n  t h e  growing  r e g i o n  o f  k - s p a c e .  The s o l i d  l i n e  bounda ry
marks t h e  r e g i o n  where  t h e  wave i s  damped b e f o r e  t h e  r o o t  i s  l o s t .  The
d a shed  l i n e  marks t h e  r e g i o n  where  t h e  r o o t  i s  l o s t  w h i l e  i t  i s  s t i l l
g row ing .  The growth  r a t e  i s  1 -3  s  ^ and e x i s t s  ov e r  a s m a l l  r e g i o n  o f
• earnsk - s p a c e .  I t  h a s  a f r e q u e n c y  r a n g e  o f  18-27 s Thus ,  t h e  b
a r e  i n  a s t a t e  o f  m a r g i n a l  s t a b i l i t y .  T h i s  s u p p o r t s  t h e  o b s e r v a t i o n s ,  
which  i n d i c a t e  t h a t  waves mus t  have  b e e n  s t r o n g l y  u n s t a b l e  a t  lower  a l t i ­
t u d e s  i n  o r d e r  t o  p r o d u c e  t h e  s i g n i f i c a n t  h e a t i n g  o b s e r v e d  a t  s a t e l l i t e  
a l t i t u d e s .  The g rowth  l e n g t h s  a r e  l a r g e r  i n  t h e  p a r a l l e l  t h a n  t h e  p e r ­
p e n d i c u l a r  d i r e c t i o n  w i t h  g roup  v e l o c i t i e s  v = 1 x 10^cm/s and v = 1
g |l  gJL
x 10^cm/s b e i n g  t y p i c a l  v a l u e s .
Near  t h e  lower  b o r d e r  i n  f i g u r e  29 t h e  wave h a s  a p a r a l l e l  p ha se
v e l o c i t y  n e a r  v , = U„ -  C„.  At  t h i s  k., t h e  wave i s  i n  c y c l o t r o n  r e s o -  J ph(| H H U
ance  w i t h  0+ beam i o n s  so  t h a t  t h e  r e s o n a n c e  c o n d i t i o n  ~ ^ c o
i s  s a t i s f i e d .  H e r e ,  t h e  beam i o n s  see  t h e  wave d o p p l e r  s h i f t e d  t o
I n s e r t i n g  t h i s  v , i n t o  t h e  r e s o n a n c e  c o n d i t i o n  and s o l v i n g  f o r  k |(
g i v e s  a lower  c u t o f f  o f  k „  = ^ c o / ( U u -  Cu -  Un) ,  which i s  marked in
Phil
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f i g u r e  29 .  At  t h e  h i g h e r  b o u n d a ry  t h e  p a r a l l e l  p ha se  v e l o c i t y  a p p ro a c h e s
t h e  d i f f e r e n c e  i n  t h e  beam v e l o c i t i e s , = k ^ U ^ - U ^ ) .  Note t h a t  the
p a r a l l e l  p h a s e  v e l o c i t y  o f  t h e  wave d o e s  n o t  c o r r e s p o n d  e x a c t l y  t o  t h e
f l u i d  v a l u e  o f  v , = U„-CT, . T h i s  i s  b e c a u s e  t h e  wave i s  b e i n g  d r i v e n  by ph(| H H
only  r e s o n a n t  oxygen i o n s  and e l e c t r o n s  and i s  n o t  f l u i d l i k e .  A l s o ,  a t  
t h e  u p p e r  bounda ry  t h e  wave f r e q u e n c y  i s  g i v e n  a p p r o x i m a t e l y  as  =
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k | l V  2 ^ Co5 which  i s  t h e  d o p p l e r  s h i f t e d  f r e q u e n c y  o f  t h e  f i r s t  oxygen 
e l e c t r o s t a t i c  i o n  c y c l o t r o n  wave. The g rowth  r a t e  p e a k s  a t  t h i s  bounda ­
r y ,  s u g g e s t i n g  wave c o u p l i n g  b e tw e en  t h e  ion  a c o u s t i c  and t h e  oxygen 
c y c l o t r o n  wave. T h i s  e f f e c t  i s  s e en  more d r a m a t i c a l l y  in  a c a s e  when 
t h e  h y d r o g e n  beam t e m p e r a t u r e  i s  d ropped  t o  50 eV, t h u s  i n c r e a s i n g  t h e  
g rowing  r e g i o n  i n  k - s p a c e .  The i n v e r s e  oxygen c y c l o t r o n  r a d i u s  i s  
marked on f i g u r e  2 9 ,  i n d i c a t i n g  a rough  b ounda ry  i n  kj_ where  t h e  wave­
l e n g t h  i s  a p p r o x i m a t e l y
Because  o f  t h e  o b l i q u e  p r o p a g a t i o n  o f  t h e  wave,  waves g e n e r a t e d  
n e a r  t h e  e dge s  o f  t h e  beam w i l l  e s c a p e  and become damped as  they  en­
c o u n t e r  t h e  s u r r o u n d i n g  d e n s e  p l a s m a  o u t s i d e  t h e  a u r o r a l  z one .  The 
s a t e l l i t e  t r a v e r s e d  a beam r e g i o n  o f  a p p r o x i m a t e l y  300 km so  t h a t  waves 
g e n e r a t e d  i n s i d e  t h e  beams h a v i n g  p e r p e n d i c u l a r  growth  l e n g t h s  o f  1 km 
w i l l  n o t  b e  a b l e  t o  e s c a p e .  The beams e x t e n d  o v e r  a d i s t a n c e  o f  s e v e r a l  
Rg , and c o n s e q u e n t l y  a l l  p a r a l l e l  t r a n s p o r t  o f  wave e n e rg y  i s  c o n f i n e d  
t o  t h e  beams.
The e x i s t e n c e  o f  a c o l d  H backg round  component  would c o n s i d e r a b l y  
a f f e c t  t h e  s t a b i l i t y  o f  p lasm a  waves.  Cold H backg round  w i t h  a t em per ­
a t u r e  o f  10 eV was added  t o  t h e  s t a b i l i t y  a n a l y s i s  above to  s e e  the  
e f f e c t  o f  damping.  When t h e  c o l d  H+ d e n s i t y  was i n c r e a s e d  t o  .035 cm  ^
t h e  r o o t  was l o s t  by t h e  l i n e a r  d i s p e r s i o n  r e l a t i o n  and t h e  growing  r e ­
g i o n  i n  k - s p a c e  v a n i s h e d .  T h i s  i s  a d e n s i t y  r o u g h l y  e q u a l  t o  t h e  beam 
d e n s i t y .  I f  t h e  beams a r e  s t r e a m i n g  th ro u g h  a c o l d  H+ b a c kg round  a t  
t h i s  a l t i t u d e ,  t h e  c o l d  H+ must  h a v e  e n t e r e d  t h e  a u r o r a l  zone f rom t h e  
s i d e s ,  b e c a u s e  any c o l d  H+ b a c k g ro u n d  o f  m a g n e t o s p h e r i c  o r  i o n o s p h e r i c  
o r i g i n  a l r e a d y  i n  t h e  a c c e l e r a t i o n  r e g i o n  would e x p e r i e n c e  t h e  p o t e n ­
t i a l  d r o p  and become p a r t  o f  t h e  beams.  One c o n c l u d e s  t h a t  a d e f i n i t e
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m easurem ent  i s  needed  h e r e .
I f  t h e  e l e c t r o n  t e m p e r a t u r e  i s  i n c r e a s e d  t o  690 eV or  h i g h e r ,  t h e  
p a r a l l e l  H+ a c o u s t i c  i n s t a b i l i t y  i s  e x c i t e d .  The d i e l e c t r i c  r e s p o n s e  
f u n c t i o n  and i t s  components  a r e  shown i n  f i g u r e s  3 0 a - d .  At © = 0 °  none 
o f  t h e  i o n  c y c l o t r o n  h a r m o n i c s  a p p e a r  i n  and £x f o r  oxygen. One
s e e s  i n  f i g u r e  30c t h e  s i n g l e  s t r u c t u r e  a t  GJ = C o n s e q u e n t l y ,  t h e
p a r a l l e l  p ha se  v e l o c i t y  o f  t h e  wave l i e s  c l o s e r  t o  t h e  peak  o f  t h e  oxygen 
d i s t r i b u t i o n  t h a n  t h e  o b l i q u e  wave. The p h a s e  v e l o c i t y  h a s  t h e  v a l u e  Vp ^ (j 
~  Uq + Cq = 2 .9  x 1 0 ^ c m /s ec .  The e f f e c t  o f  t h e  oxygen can  c l e a r l y  be  s e en  
h e r e ,  s i n c e  t h e  o r d i n a r y  H+-  e l e c t r o n  i n s t a b i l i t y  h a s  Vpj1(j= -  C^. Here ,  
t h e  e l e c t r o n  t e m p e r a t u r e  i s  t o o  low t o  e x c i t e  t h e  wave i f  t h e  oxygen were 
a b s e n t ,  and c o n s e q u e n t l y  d o e s n ' t  d e t e r m i n e  t h e  p ha se  v e l o c i t y  of  t h e  wave. 
The p a r a l l e l  mode i s  p r o b a b l y  g o i n g  t o  be u n s t a b l e  i n  ion  beams 
i f  t h e  e l e c t r o n  t e m p e r a t u r e  f l u c t u a t i o n s  a r e  on t h e  o r d e r  o f  200 eV, 
which i s  v e r y  r e a s o n a b l e .
D ur ing  t h e  e a r l y  s t a g e s  o f  t h i s  s t u d y  t h e  e x a c t  v a l u e  o f  t h e  e l e c t r o n  
t e m p e r a t u r e  was n o t  known a t  s a t e l l i t e  a l t i t u d e s .  With t h e  M axw el l i an  
f i t s  t o  T = 1 4 :0 5 :2 3  -  1 4 : 0 5 : 4 1  t h e  e l e c t r o n  t e m p e r a t u r e  was a r t i f i c i a l l y  
i n c r e a s e d  t o  e x c i t e  b o t h  t h e  p a r a l l e l  and o b l i q u e  i o n  a c o u s t i c  i n s t a b i l i ­
t i e s .  The g rowth  r a t e s  and g row th  l e n g t h s  a r e  shown i n  f i g u r e s  31 and 32 
f o r  t h e  p a r a l l e l  and o b l i q u e  w a v e s , r e s p e c t i v e l y . F o r  t h e  p a r a l l e l  mode 
t h e  e l e c t r o n  t e m p e r a t u r e  was s e t  e q u a l  t o  2 keV, which  i s  u n r e a l i s t i c  
f o r  DE-1 a l t i t u d e s  i n  t h e  a u r o r a l  a c c e l e r a t i o n  r e g i o n .  The mode i s  grow­
i n g  i n  a huge r e g i o n  o f  k - s p a c e  w i t h  t h e  g rowth  r a t e  i n c r e a s i n g  t o  v e r y  
h i g h  v a l u e s  n e a r  t h e  t o p  b o r d e r .  Dx  and D„ h a v e  v a l u e s  s i m i l a r  t o  f i g u r e  
29,  c o v e r i n g  a s l i g h t l y  h i g h e r  r a n g e .  The d o t t e d  l i n e  i n d i c a t e s  t h a t  t h e  
mode i s  l o s t  by t h e  l i n e a r  d i s p e r s i o n  r e l a t i o n  b e f o r e  i t  g e t s  damped. At
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F i g u r e  32
100
101
T a b le  3
e
Q O
e -  9 . 6  x 10 cm/s  3 . 9  x  10 cm
+ 7 4H 1 . 0  x 10 cm/s  7 .5  x 10 cm
0+ 3 .6  x 10^ cm/s  3 . 5  x 10^ cm
D e f i n i t i o n s :  = t h e r m a l  v e l o c i t y , p  = c y c l o t r o n  r a d i u s ,  Cg =
s p e e d ,  Bq = .014  g a u s s
P la sm a  p a r a m e t e r s  f o r  t h e  f i t t e d  M a xw e l l i an s  t o  
T = 14 : 04 : 35 -  14 : 04 : 59
s
1 .5  x 107 




t h e  e x t r e m e  u p p e r  l e f t  t h e  T a y l o r  S e r i e s  t e s t  was p e r fo rm e d  t o  e n s u r e  
t h e  s e r i e s  e x p a n s i o n  of  £  ( td  , k )  —> ,k )  i n  t h e  l i m i t
The r e s u l t s  were p o s i t i v e  h e r e ,  a l t h o u g h  t h r o u g h o u t  mos t  of  t h e  r e g i o n  
i n  k - s p a c e  h i g h e r  o r d e r  t e r m s  i n  t h e  e x p a n s i o n  had f i n i t e  v a l u e s  a t  t h e  
r o o t  f r e q u e n c y .  The k - s p a c e  bounda ry  a t  © =45°  and k ^ ^  7 x lO^cm 
becomes j a g g e d  and i r r e g u l a r .  H e re ,  t h e  p a r a l l e l  d i s p e r s i o n  s u r f a c e  does  
no t  c o n n e c t  smooth ly  t o  t h e  o b l i q u e  s u r f a c e  and i s  s u b j e c t  t o  c y c l o t r o n  
e f f e c t s .  At sm a l l  k t h e  mode i s  c o n t i n u o u s  t o  o b l i q u e  a n g l e s .  When T^ 
i s  r e d u c e d  t o  1 keV t h e  p a r a l l e l  mode c e a s e s  t o  e x i s t ,  b u t  t h e  o b l i q u e  
wave i s  s t i l l  g row ing .  The o b l i q u e  mode i s  shown i n  f i g u r e  32 ,  which i s  
s i m i l a r  t o  f i g u r e  31 e x c e p t  f o r  T = 1 keV. Because  t h e  e l e c t r o n  t em per ­
a t u r e  i s  h i g h e r  t h a n  i n  f i g u r e  29 t h e  mode i s  growing  i n  a much l a r g e r  
r e g i o n  o f  k - s p a c e .  The T a y l o r  S e r i e s  c o n v e r g e s  t o  £ r ( buR ,k )  a lo n g  t h e  
b o r d e r  where t h e  mode i s  damped, mak ing t h i s  wave more a c c e p t a b l e  t o  t h e  
l i n e a r  a p p r o x i m a t i o n  u se d  h e r e .  The p a r a l l e l  pha se  v e l o c i t y  o f  t h e  wave 
h a s  a h i g h e r  r an g e  t h a n  i n  f i g u r e  29,  due t o  t h e  expanded  r e g i o n  i n  k -  
s p a c e .  The waves i n  f i g u r e s  31 and 32 p r o v i d e  one w i t h  i n f o r m a t i o n  on 
t h e  m a g n i tu d e  o f  t h e  i n s t a b i l i t y  as  t h e  p a r a m e t e r  T^ i s  v a r i e d .
The Quas i  l i n e a r  Approach
The v a l i d i t y  o f  u s i n g  q u a s i l i n e a r  t h e o r y  t o  d e s c r i b e  p lasm a  p r o c e s s ­
e s  depends  o f  t h e  n a t u r e  of  t h e  i n t e r a c t i o n .  F o r  t h e  p rob lem  a t  ha nd ,  t h e  
waves a r e  growing  w e a k ly ,  w i t h  U ) j < < u 3 ^  , e n a b l i n g  q u a s i l i n e a r  t h e o r y  
t o  be u s e d .  A l s o ,  c o l l i s i o n s  a r e  n e g l i g i b l e  a t  s a t e l l i t e  a l t i t u d e s ,  so  
p a r t i c l e s  w i l l  be s c a t t e r e d  by waves r a t h e r  t h a n  o t h e r  p a r t i c l e s .  F i n a l l y ,  
t h e s e  waves a r e  e l e c t r o s t a t i c ,  e n a b l i n g  t h e  q u a s i l i n e a r  d i f f u s i o n  c o e f ­
f i c i e n t s  f o r  e l e c t r o s t a t i c  waves t o  be u s e d .
The re  a r e  i o n  h e a t i n g  mechanisms o t h e r  t h a n  q u a s i l i n e a r  t h e o r y ,  same
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of  which were  m en t ioned  i n  t h e  I n t r o d u c t i o n .  I t  would be  u s e f u l  t o  
remark on t h e  a p p l i c a b i l i t y  o f  o t h e r  a p p ro a c h e s  t o  t h e  p r o b le m  a t  ha nd .  
F o r  exam ple ,  t h e  n o n l i n e a r  t h e o r y  d e v e lo p e d  by Lysak e t  a l . , 1980 i n ­
v o l v i n g  s t r o n g  t u r b u l e n c e  and t h e  c o h e re n c y  o f  the  waves would n o t  be  
a p p l i c a b l e  h e r e ,  where weak t u r b u l e n c e  i s  o b s e r v e d .  By weak t u r b u l e n c e  
one means t h a t  t h e  wave a m p l i t u d e  i n c r e a s e s  s lo w ly  ov e r  many wave p e r i ­
o ds .  S t ro n g  t u r b u l e n c e  i n v o l v e s  l a r g e  a m p l i t u d e  waves which a r e  n e a r  
s a t u r a t i o n .  The h e a t i n g  r a t e s  p r e d i c t e d  by t h e  n o n l i n e a r  t h e o r y  a r e  on 
t h e  o r d e r  o f  f o u r  t im es  t h e  q u a s i l i n e a r  h e a t i n g  r a t e s  f o r  i o n s  b e i n g  
h e a t e d  by io n  c y c l o t r o n  w aves ,  f o r  example.  The beams a t  DE-1 a l t i ­
t u d e s  a r e  m a r g i n a l l y  s t a b l e .  Th is  means t h a t  i f  t h e  beams were  t o  
s u dde n ly  become c o l d e r  a s  a r e s u l t  of  a d i a b a t i c  f low t h e  waves would 
grow more r a p i d l y  and h e a t  t h e  beams.  The h e a t e d  beams would th e n  
r e d u c e  g rowth r a t e s  which  would p ro d u ce  th e  o r i g i n a l  s t a t e  o f  m a r g i n a l  
s t a b i l i t y .  In  t h i s  way,  t h e  beams n e v e r  become s t r o n g l y  u n s t a b l e  i n  
a  n o n l i n e a r  s e n s e .
A no ther  app roa c h  t o  t h i s  p r o b le m  i s  t o  do a n u m e r i c a l  s i m u l a t i o n .  
There  have  been  r e p o r t s  o f  s i m u l a t i o n s  o f  io n  a c o u s t i c  d o u b l e  l a y e r s  
(B a rn e s  e t  a l . , 1985;  S a to  and Okuda, 1981) .  The d o u b l e  l a y e r s ,  which 
e x i s t  a t  lower  a l t i t u d e s ,  a r e  b e l i e v e d  t o  c a u s e  t r a n s v e r s e  h e a t i n g  as  
w e l l  as p a r a l l e l  a c c e l e r a t i o n  o f  ion beams.  I f  t h e  0 and H beams 
p a s s  th rough  t h e  d o u b l e  l a y e r  s i m u l t a n e o u s l y ,  an H - 0 + i n t e r a c t i o n  
c o u l d  r e s u l t .
A s h o u r - A b d a l l a  and Okuda (1985)  have  done s i m u l a t i o n s  o f  c o u n t e r ­
s t r e a m i n g  io n  beams i n  t h e  p lasm a  s h e e t .  The ion  beams g e n e r a t e  t h e  
io n  a c o u s t i c  i n s t a b i l i t y  which h e a t s  p lasm a  s h e e t  i ons  and e l e c t r o n s  
on ly  s l i g h t l y ,  as  r e v e a l e d  by th e  s i m u l a t i o n s .  I n s t e a d ^ a n  i o n - i o n
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two s t r e a m  i n s t a b i l i t y  i s  t h e  s t r o n g e r  p r o c e s s  f o r  h e a t i n g  t h e  p lasm a
s h e e t  and beam i o n s .  Dusenbe ry  and Lyons ( 1 9 8 5 )  have  a l s o  looked  a t
t h i s  p roblem, i n  t h e  l i n e a r  r e g im e .  T h e i r  model  i n c l u d e s  c o l d  i o n o -  
+
s p h e r i c  H s t r e a m i n g  i n  t h e  p l a s m a  s h e e t  w i t h  t e m p e r a t u r e s  l e s s  t h a n  
50 eV.
When p e r f o r m i n g  a q u a s i l i n e a r  c a l c u l a t i o n  one can  s o l v e  f o r  a num­
b e r  o f  d i f f e r e n t  q u a n t i t i e s .  Many p e o p l e  want  to  know what  f ( v , t )  
looks  l i k e  a t  v a r i o u s  s t a g e s  o f  e v o l u t i o n  (D usenbery  and Lyons ,  1981) . 
O the r s  w i l l  t a k e  moments o f  t h e  d i s t r i b u t i o n  to  o b t a i n  T|(( t )  and T ^ ( t ) ,  
p r o v i d i n g  p a r a l l e l  and p e r p e n d i c u l a r  h e a t i n g  r a t e s  (Chang and C o p p i ,  
1981; Rogers  e t  a l . , 1985) .
A c o n s i d e r a b l e  amount o f  i n f o r m a t i o n  c a n  be  o b t a i n e d  by mapping t h e  
r e s o n a n t  and n o n r e s o n a n t  r e g i o n s  i n  v e l o c i t y  s p a c e ,  and e v a l u a t i n g  t h e  
d i f f u s i o n  c o e f f i c i e n t  f o r  a g i v e n  k - s p e c t r u m .  D i f f u s i o n  t im e  s c a l e s  f o r  
r e s o n a n t  and n o n r e s o n a n t  p a r t i c l e s  c a n  be  o b t a i n e d  i n  t h i s  way ( A shou r -  
A b d a l l a  and K e n n e l ,  1978;  A s h o u r - A b d a l l a  and T h o r n e ,  19 7 8 ) .  In  the  
f o l l o w i n g  s e c t i o n s  t h i s  a p p ro a c h  i s  t a k e n .
I n  t h e  n e x t  s e c t i o n  we a r e  g o in g  t o  e v a l u a t e  t h e  v e l o c i t y  s pace  
d e p e n d e n t  p a r t  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  D f o r  a g i v e n  k - s p e c t r u m  
and a l s o  p l o t  t h e  r e s o n a n t  and n o n r e s o n a n t  r e g i o n s  i n  v e l o c i t y  s pace  
f o r  H+ and 0+ . Th i s  a n a l y s i s  w i l l  e n a b l e  us  t o  i d e n t i f y  t h e  r e s o n a n t  
i o n s  and t o  s e e  how t h e s e  i o n s  d i f f u s e  w i t h  t h e  k - s p e c t r u m  o f  t h e  
growing  mode a t  t h e  s a t e l l i t e ,  f i g u r e  29 .  The n a t u r e  o f  t h e  d i f f u s i o n  
i n  v e l o c i t y  s p a c e ,  t h a t  i s ,  p e r p e n d i c u l a r ,  p a r a l l e l ,  o r  b o t h ,  i s  i n d e ­
p e n d e n t  o f  t h e  e l e c t r i c  f i e l d  e n e rg y  d e n s i t y  and depends  on ly  on th e  
k - s p e c t r u m .  T h i s  i s  b e c a u s e  t h e  e l e c t r i c  f i e l d  ene rgy  d e n s i t y  depends  
o n ly  on k and U);j. ( k ) .  The e l e c t r i c  f i e l d  e n e rg y  d e n s i t y  d e t e r m i n e s  t h e
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r a t e  o f  d i f f u s i o n ,  and t h i s  w i l l  be  e x p l o r e d  i n  t h e  l a s t  s e c t i o n  o f  
C h a p t e r  I I I .
One q u a n t i t y  o f  i n t e r e s t  i s  t h e  r e s o n a n t  w i d t h .  The n o n r e s o n a n t  
d i f f u s i o n  c o e f f i c i e n t  i s  p r o p o r t i o n a l  t o  + n ) + ^ x  ) •
The s p l i t t i n g  i n t o  r e s o n a n t  and n o n r e s o n a n t  t e rm s  came a b o u t  b e c a u s e  
<£< , p r o d u c i n g  a c o n t r i b u t i o n  f rom t h e  p o l e  a t
-  n . The f i n i t e  g i v e s  a w i d t h  such  t h a t  n o n r e s o n a n t  d i f ­
f u s i o n  i s  dom in an t  when k.. v + n (jJ -  y  (jJ_ , and r e s o n a n t  d i f f u s i o nII l| CA '\
i s  dom in an t  when k , ( v (l + n W w  -  UJR £  . T h i s  g i v e s  a r e s o n a n t
w i d t h  i n  v e l o c i t y  s p a c e  o f  m a gn i tude  v^ 2 « 4 / k  .
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C h a r a c t e r i s t i c  Time 
The c h a r a c t e r i s t i c  t i m e ,  'Y ^  , i s  o b t a i n e d  f rom t h e  d i f f u s i o n
=~ W
c o e f f i c i e n t ,  D .
/ Djn. \
\
! g - 5 t c W l s M )
( 3 . 1 1 )
/
The c h a r a c t e r i s t i c  t im e  i s  a d i f f e r e n t  q u a n t i t y  f rom t h e  d i f f u s i o n  
t i m e ,  which g i v e s  one an o r d e r  o f  m agn i tude  e s t i m a t e  o f  t h e  t ime  i t  
t a k e s  p a r t i c l e s  t o  d i f f u s e  t o  t h e  f i n a l  s t a t e .  The c h a r a c t e r i s t i c  t ime 
m u l t i p l i e s  t h e  e l e c t r i c  f i e l d  e n e rg y  d e n s i t y ,  £  £  , a t  a g i v e n  k .  ^  
c o n t a i n s  a l l  t h e  v e l o c i t y  spa ce  d ependence  o f  D. , a s  w e l l  as  t h e  t e n s o r  
components .  T h u s ,  i t  t e l l s  one b o t h  where  t h e  d i f f u s i o n  i s  t a k i n g  
p l a c e  i n  v e l o c i t y  s p a c e ,  and t h e  n a t u r e  o f  t h e  d i f f u s i o n ,  i . e .  p e r p e n ­
d i c u l a r  o r  p a r a l l e l .  By l o o k in g  a t  t h e  e x p l i c i t  fo rm  o f  T j *  > one c
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L e t  u s  f i r s t  c o n s i d e r  t h e  oxygen d i s t r i b u t i o n ,  f i g u r e s  8 - l l b .  In
.  -6f i g u r e  33a ,  J T ^  i s  e v a l u a t e d  f o r  t h e  o b l i q u e  mode a t  k x = 1 .6  x 10
" h.
cm and k |( = 5 . 0  x 10 cm . T o  e v a l u a t e  f o r  a g i v e n  k ,  a c o r r e ­
s po n d in g  v a l u e  o f  03^ and y  a r e  g i v e n  by t h e  d i s p e r s i o n  r e l a t i o n .
T h i s  s p e c i f i e s  a l l  p a r a m e t e r s ,  and T . 7 *  ( v )  can  be  p l o t t e d  as  a f u n c -
— • R
t i o n  of  v^ and v^  . B e c a u s e  o f  t h e  d e l t a  f u n c t i o n  in  t h e  r e s o n a n t  
ftc o e f f i c i e n t s ,  ( v )  w i l l  be  z e r o  e x c e p t  a t  v a l u e s  o f  v4t where  t h e
_ L  11R
r e s o n a n c e  c o n d i t i o n  fj)0 -  k tl v -  n U  • = 0  i s  s a t i s f i e d .  The d e l t ar n n
f u n c t i o n  i s  removed when t h e  k - i n t e g r a t i o n  i s  p e r f o r m e d .  For  two d i f ­
f e r e n t  v a l u e s  of  k ,  f i g u r e s  33a and 33b show S  in  t h e' i i  '  i l l j  111*
g
r e g i o n  Vj_ .1 x 10 c m /s .  The two examples  show t h a t  p e r p e n d i c u l a r
+ R
d i f f u s i o n  i s  dom inan t  i n  0 and [ i s  w eak ly  d e p e n d e n t  on k ^  .
R.F o r  h i g h e r  v a l u e s  o f  k ^  , ^  h a s  a z e r o  a t  lower  p e r p e n d i c u l a r  v e l o c i t -
Ri e s  t h a n  when [ i s  e v a l u a t e d  a t  low k, v a l u e s .  Because  D i s  o b t a i n e d
i i .  x  =
by summing o v e r  k ,  p a r t i c l e s  w i t h  s m a l l  p e r p e n d i c u l a r  v e l o c i t i e s ,  v ^  <[
g
.05 x 10 cm/s  a r e  e q u a l l y  w e i g h te d  by a l l  modes and p a r t i c l e s  w i t h  p e r -
g
p e n d i c u l a r  v e l o c i t i e s  .1 x 10 cm/s  w i l l  be  a f f e c t e d  by modes w i t h  
s m a l l  k_^ v a l u e s .
By l o o k in g  a t  t h e  c o n t o u r s  o f  phase  s p a c e  d e n s i t y  i n  f i g u r e s  8 - l l b ,
one can  s e e  t h e  e f f e c t s  o f  p e r p e n d i c u l a r  d i f f u s i o n .  The c o n t o u r s  a r e
s t r e t c h e d  o u t  in  t h e  p e r p e n d i c u l a r  d i r e c t i o n  on t h e  h i g h  v e l o c i t y  s i d e  
o f  t h e  0+ beams.  The n = 1 r e s o n a n t  r e g i o n  i s  r e s p o n s i b l e  f o r  t h i s  e f ­
f e c t .  T h i s  c a n  be  s e en  i n  f i g u r e  34 ,  which shows th e  r e s o n a n t  and n o n ­
r e s o n a n t  r e g i o n s  o f  t h e  oxygen d i s t r i b u t i o n  T = 1 4 :0 4 :3 5  -  1 4 : 0 4 : 5 9 .
In f i g u r e s  3 5 - 3 7 ,  t h e  n o n r e s o n a n t  c h a r a c t e r i s t i c  t i m e ,  | , i s  p l o t t e d
as a f u n c t i o n  o f  v^  w i t h  t h e  same v a l u e  o f  k as  f i g u r e  33a .  One can  
s e e  t h e  r e s o n a n t  w i d t h  ^ v{t = 2 ^ / ^ n  = 2 x 1 - 4 / ( 5 .  x l 0 ^ )  = 5 . 6 x
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10^cm/s.  The r e s o n a n t  w i d t h  d e f i n e s  a rough  bounda ry  f o r  r e s o n a n t  and 
n o n r e s o n a n t  d i f f u s i o n .  F o r  example ,  pe a ks  a t  t h e  n = + 1 , - 1  r e s o ­
n a n t  p a r a l l e l  v e l o c i t i e s .  O u t s i d e  t h e  r e g i o n  d e f i n e d  by = 2 y/k.^^
c e n t e r e d  on t h e  p e a k ,  t h e  d i f f u s i o n  i s  n o n r e s o n a n t ,  and k u v)( + n lOc  ^ -  
. Because  t h e r e  i s  a r a n g e  i n  k |( , r a t h e r  t h a n  one v a l u e ,  as
shown h e r e ,  t h e  r e s o n a n t  w i d t h  a p p l i e s  on ly  t o  t h e  bounda ry  of  t h e  r e s o -
/y. NR
n a n t  r e g i o n .  In f i g u r e s  36 and 37 one s e e s  t h a t  | ( and () a r e  
- y  NR
s m a l l e r  than  , i n  a c c o r d a n c e  w i t h  t h e  r e s o n a n t  c h a r a c t e r i s t i c
t i m e .
In  f i g u r e  38 th e  r e s o n a n t  and n o n r e s o n a n t  r e g i o n s  f o r  t h e  o b l i q u e  
mode a r e  shown f o r  h y d r o g e n .  Most o f  t h e  d i s t r i b u t i o n  l i e s  i n  t h e  non­
r e s o n a n t  r e g i o n  e x c e p t  f o r  t h e  a r e a  o f  Landau r e s o n a n c e  a t  -5  x 10^cm/s 
v <£ - 4 . 1  x 10^cm /s .  The c h a r a c t e r i s t i c  t im e  f o r  t h i s  r e s o n a n c e  i s  
shown i n  f i g u r e  39 .  T h i s  Landau r e s o n a n c e  r e g i o n  c a n  be  i m p o r t a n t  in  
t h e  p a r a l l e l  h e a t i n g  o f  t h e  H+ beam. In  t h e  h y d r o g e n  r e s t  f r am e ,  as  t h e  
r e s o n a n t  oxygen i o n s  and e l e c t r o n s  g i v e  e n e rg y  t o  t h e  wave,  t h e  wave 
grows and t h e  e l e c t r o s t a t i c  e n e rg y  i n  t h e  wave i n c r e a s e s .  Th i s  p r o c e s s  
competes  w i t h  h y d rogen  Landau damping.  The e l e c t r o s t a t i c  e ne rgy  in  t h e  
wave w i l l  i n c r e a s e  as  oxygen i o n s  and e l e c t r o n s  d i f f u s e  and w i l l  peak 
a t  t h e  p o i n t  where t h e  g rowth  mechanism i s  b a l a n c e d  by damping.  As t h e  
wave damps,  i t s  e l e c t r o s t a t i c  e n e rg y  i s  a b s o rb e d  by Landau r e s o n a n t  
h y d ro g en  i o n s .  In  t h e  h y d r o g e n  r e s t  f r a m e ,  t h e  wave h a s  p o s i t i v e  e n e r ­
gy ,  w h ic h ,  when a b s o r b e d  by Landau r e s o n a n t  h y d r o g e n  io n s  c a u s e s  them 
t o  d i f f u s e  t o  h i g h e r  p a r a l l e l  v e l o c i t i e s .  When t r a n s f o r m i n g  t o  t h e  
e l e c t r o n  r e s t  f r a m e ,  Landau r e s o n a n t  H+ i o n s  a r e  d e c e l e r a t e d  and f i l l  
i n  t h e  v a l l e y  b e tw e en  t h e  two beams.  In  t h e  e l e c t r o n  r e s t  f rame Lan­
dau r e s o n a n t  0+ i o n s  a r e  a c c e l e r a t e d  b e c a u s e  t h e y  t a k e  e n e rg y  from a
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n e g a t i v e  e n e rg y  wave ,  and a l s o  f i l l s  i n  t h e  v a l l e y .  To se e  how b o th  
s p e c i e s  f i l l  i n  t h e  v a l l e y  one can  view t h e  p r o c e s s  i n  b o t h  t h e  h y d r o ­
gen and e l e c t r o n  r e s t  f r a m e s ,  where  t h e  wave ha s  n e g a t i v e  and p o s i t i v e
e n e r g y ,  r e s p e c t i v e l y .
'-v- NR
I n  f i g u r e  40 | i s  p l o t t e d  f o r  h y d r o g e n .  Once a g a in  one s e e s
t h a t  n o n r e s o n a n t  d i f f u s i o n  i s  a w eake r  p r o c e s s  th a n  r e s o n a n t  d i f f u s i o n .  
In  l i g h t  o f  t h i s / n o n r e s o n a n t  p r o c e s s e s  must  be  i n c l u d e d  i n  ou r  t r e a t ­
ment  i n  o r d e r  t o  d e f i n e  t h e  b ounda ry  o f  r e s o n a n t  d i f f u s i o n .
For  t h e  o b l i q u e  mode d i s c u s s e d  h e r e ,  t h e  Landau r e s o n a n t  r e g i o n  
l i e s  a t  t h e  edge of  t h e  0+ beam d i s t r i b u t i o n .  Thus ,  n o t  many 0 beam
io n s  w i l l  b e  a f f e c t e d  by i t .  R a t h e r ,  t h e  n = 1 c y c l o t r o n  r e s o n a n t  r e -
,  .  .  ,  + g i o n  o c c u p i e s  t h e  0 d i s t r i b u t i o n .  Thus ,  t h e  0 w i l l  u n d e rg o  p i t c h
a n g le  d i f f u s i o n ,  p r o d u c i n g  p e r p e n d i c u l a r  h e a t i n g  as  r e v e a l e d  by t h e
v e l o c i t y  s p a ce  p l o t s  of  f ( v ) .
R e s o n a n t  and n o n r e s o n a n t  r e g i o n s  f o r  t h e  p a r a l l e l  mode a r e  shown 
i n  f i g u r e s  41 and 4 2 .  The Landau r e s o n a n c e  r e g i o n  i s  r ed u c e d  t o  a band 
o f  w i d t h  A v  = 2 / k ^  — 1 .6  x 10^cm/s c e n t e r e d  on - 3 . 1  x 10^cm/s.
T h i s  i s  b e c a u s e  t h e  p a r a l l e l  p h a s e  v e l o c i t y  i s  e q u a l  t o  a c o n s t a n t  f o r  
t h e  p a r a l l e l  mode and t h e  on ly  s p r e a d  i n  vUfej i s due t o  t h e  r e s o n a n t  
w i d t h .  In  f i g u r e s  41 -42  t h e  e l e c t r o n  t e m p e r a t u r e  i s  s e t  e q u a l  to  
724 eV, s l i g h t l y  above t h e  t h r e s h o l d  v a l u e  o f  695 eV. The v a l u e  o f  t h e  
e l e c t r o n  t e m p e r a t u r e  d e t e r m i n e s  t h e  p o s i t i o n  o f  t h e  Landau r e s o n a n c e  
r e g i o n  in  v e l o c i t y  s p a c e ,  Vp ^ = ^  t h e  beams f low  i n t o  d i f f e r ­
e n t  r e g i o n s  o f  t h e  m ag n e to s p h e r e  t h i s  p o s i t i o n  w i l l  change  as  t h e  e l e c ­
t r o n  t e m p e r a t u r e  c h a n g e s .  I t  w i l l  a l s o  change  i f  U c h a n g e s .  At lower 
a l t i t u d e s  t h e  H+ and 0+ beam v e l o c i t i e s  w i l l  h a v e  s m a l l e r  v a l u e s  and t h e  
s e p a r a t i o n  i n  s t r e a m i n g  v e l o c i t i e s  w i l l  be  s m a l l e r .  Thus ,  t h e  Landau
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r e s o n a n c e  r e g i o n  c o u l d  b e  moved i n t o  t h e  oxygen d i s t r i b u t i o n  i n  t h i s  
way,  p r o v i d e d  t h e  oxygen t e m p e r a t u r e  h a s  i n c r e a s e d  enough above i t s  
i o n o s p h e r i c  v a l u e  t o  a l l o w  t h i s  t o  happen-. T h i s  would depend on how 
much h e a t i n g  was c a u s e d  by th e  i o n - i o n  t w o - s t r e a m  i n s t a b i l i t y  d u r i n g  
t h e  i n i t i a l  s t a g e s  o f  a c c e l e r a t i o n .  The e l e c t r o n  t e m p e r a t u r e  would 
a l s o  be  low er  a t  low a l t i t u d e s  which  c o u n t e r a c t s  t h e  s t r e a m i n g  v e l o ­
c i t y  d e pendence  o f  v . . I t  i s  c l e a r  t h a t  a f t e r  t h e  f l u i d  t w o - s t r e a m
Ph ll
i n s t a b i l i t y  s h u t s  o f f  and th e  beams have  a h e a t e d  t h e r m a l  d i s t r i b u t i o n ,  
r e s o n a n t  p r o c e s s e s  w i l l  t a k e  o v e r .  Th is  i s  accompanied  by t h e  e x c i t a ­
t i o n  o f  o b l i q u e  modes.  I t  i s  n o t  c l e a r  w h e t h e r  t h e  s low p a r a l l e l  H 
a c o u s t i c  mode i s  g row ing  s i g n i f i c a n t l y  a t  lower a l t i t u d e s  and i f  i t  
p r o v i d e s  any a d d i t i o n a l  h e a t i n g ,  b e c a u s e  o f  t h e  l a c k  o f  i n f o r m a t i o n  
on t h e  p l a s m a  t e m p e r a t u r e s  and s t r e a m i n g  v e l o c i t i e s  where  r e s o n a n t  p r o ­
c e s s e s  become i m p o r t a n t .
R e t u r n i n g  t o  f i g u r e s  41 and 4 2 ,  one c a n  s e e  how t h e  p a r a l l e l  mode 
m ig h t  a f f e c t  t h e  beams a t  s a t e l l i t e  a l t i t u d e s .  In f i g u r e  41 t h e  p a r a ­
l l e l  p h a s e  v e l o c i t y  o f  t h e  wave l i e s  o u t s i d e  t h e  r e g i o n  o f  t h e  H+
beam, v , ✓ UTT -  v _ , . One s e e s  t h a t  t h e  n = 1 r e s o n a n c e  r e g i o n  c u t sph||  '  H TH
t h e  H+ beam in  h a l f  on t h e  h i g h  v e l o c i t y  s i d e  and can  be  r e s p o n s i b l e  
f o r  p e r p e n d i c u l a r  d i f f u s i o n  o f  t h e  beam a t  t h e s e  v e l o c i t i e s .
The 0+ beam in  f i g u r e  42 i s  dom ina ted  by n ^ l  r e s o n a n t  d i f f u s i o n  
f o r  t h e  p a r a l l e l  mode. T h i s  c o u l d  be  a s t r o n g  p r o c e s s  a l t h o u g h  two 
c o n s i d e r a t i o n s  must  b e  t a k e n  i n t o  a c c o u n t .  At  t h e  lower  b o u n d a ry  o f  
t h e s e  r e g i o n s  where  n = 1, t h e  g rowth  r a t e  d i v e r g e s  and l i n e a r  t h e o r y  
i s  i n v a l i d .  In  t h e  r e g i o n  c l o s e  t o  t h i s ,  where t h e r e  a r e  l a r g e  g rowth 
r a t e s ,  d i f f u s i o n  t im e s  may be  co m p a rab le  t o  t h e  oxygen c y c l o t r o n  p e r ­
i o d ,  = 1 . 2  s e c .  T h i s  v i o l a t e s  t h e  r e q u i r e m e n t  o f  t h e  t h e o r y  t h a t  ion
I l l
g y r o p e r i o d s  be  s m a l l  compared t o  d i f f u s i o n  t i m e s ,  i n  o r d e r  t h a t  t h e r e  
i s  no -  d e p e n d e n t  d i f f u s i o n .  The u n m a g n e t i z e d  d i f f u s i o n  c o e f f i c i e n t s  
c o u l d  be  u s e d  f o r  oxygen i n  t h i s  r e g i o n ,  where  f r e q u e n c i e s  a r e  much 
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R esonan t  D i f f u s i o n  Time S c a l e s  
2S i n c e  D h a s  u n i t s  o f  v / t ,  one c a n  c o n s t r u c t  a r e s o n a n t  d i f f u s i o n  
2 Rtime  s c a l e  v /I) , whe re  v i s  t h e  v e l o c i t y  o f  t h e  r e s o n a n t  p a r t i c l e .
The d i f f u s i o n  t ime  s c a l e  g i v e s  one an e s t i m a t e  o f  how long  i t  w i l l  t a k e  
t h e  r e s o n a n t  r e g i o n  o f  t h e  d i s t r i b u t i o n  t o  e v o l v e  to  t h e  l a t e r  s t a g e s  o f  
q u a s i l i n e a r  d i f f u s i o n .  R e s o n a n t  d i f f u s i o n  t im e  s c a l e s  can  be  c a l c u l a t e d  
f o r  t h e  h y d ro g en  and oxygen r e s o n a n t  r e g i o n s  d e f i n e d  by t h e  o b l i q u e  a -  
c o u s t i c  wave.  One h a s
T R ( 0 + )  =  ( 3 . 1 3 )
‘j -1  V 1 h R
T R / u +\ -  ( 3 . 1 4 )
luu\H J r>Rwl\\
R R R r  +
w here  j y  I ^ |( , D((1( i s  u s e d  t o  c o n s t r u c t  Tx x  (0  ) .  The r e s o -
+ Rn a n t  r e g i o n  f o r  H i s  t h e  Landau r e s o n a n t  r e g i o n .  To c a l c u l a t e  T
one n e e d s  t o  know how t h e  e n e rg y  d e n s i t y  £j* i s  d i s t r i b u t e d  i n  k -
s p a c e .  When c a l c u l a t i n g  t h e  t o t a l  e l e c t r o s t a t i c  e n e rg y  d e n s i t y  Wg =
£ j* , one c o n s i d e r s  modes o c c u p y in g  a c y l i n d r i c a l  volume o f  l e n g t h
L = 2 T T / A k | |  and r a d i u s  R = 2"IT/  A k x , where  A and A k x  a r e  t h e
g r i d  s p a c i n g  i n  k - s p a c e .  In  i n t e g r a l  fo rm ,
it
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The e x p r e s s i o n  above i s  d i m e n s i o n a l l y  c o r r e c t ,  k e e p i n g  i n  u n i t s  of
3
e r g s / c m  . When c a l c u l a t i n g  t h e  d i f f u s i o n  c o e f f i c i e n t  one h a s  t h e  same 
c r i t e r i o n .
In t h e  c a s e  f o r  oxygen ,
D . . U -  <*$• J j f e  ^  Z - M  ^  [  \  )
w h i c h ,  f o r  t h e  n = 1 r e s o n a n t  r e g i o n ,  becomes
r /  =  -----------
D i l  w - c .
Mi
When t r a n s f o r m i n g  t h e  i n t e g r a l  t o  a sum, and k e e p i n g  A k ^ ,  A k^ f i n i t e ,  
one o b t a i n s ,
nr _ m il _E  V  an ~ r - —
TT
fe „ -  U J-Ulco 
V.i
i n  o r d e rA g a i n ,  one i n t r o d u c e s  t h e  u n i t  volume i n  k - s p a c e  
5 CAki.)l 4ki,
t o  k e e p  t h e  i n t e g r a t i o n  d i m e n s i o n a l l y  c o r r e c t .  One c a n  i n t r o d u c e  t h e  
q u a n t i t y  ^  .
£  O s  feu ') =  ^  > < e r s s / c " 3)
w i t h o u t  any l o s s  o f  g e n e r a l i t y .  One o b t a i n s  f i n a l l y ,
» _  y  e . Q u . f e . . ' )  — -
i-L y  Afe„ 1 '  ‘H.o ) V V l J fe |vh-V j(l|
*1 k » -




The f a c t o r  A  k|j a p p e a r s  b e c a u s e  t h e  k l( i n t e g r a t i o n  was p e r f o r m e d  t o  r e ­
move t h e  <£ - f u n c t i o n .
In t h e  same manner ,  one can  c a l c u l a t e  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r
+
H .
R S u e "  y -  -rr
( 3 . 1 6 )
b,‘- vu
Norm al ly ,  when one i s  p e r f o r m i n g  a s i m u l a t i o n  on t h e  c o m p u t e r ,  i s  
s p re a d  u n i f o r m l y  t h r o u g h o u t  t h e  growing  r e g i o n  in  k - s p a c e  a t  t  = 0.  £ ^ ( t )  
e v o lv e s  a c c o r d i n g  t o
£ e ( * ) =  £ { ( » k l U l * .
When c a l c u l a t i n g  t h e  d i f f u s i o n  t ime  s c a l e s  f o r  t h e  o b l i q u e  mode t h e  e -  
l e c t r i c  f i e l d  m easu rem en ts  made d u r i n g  t h e  beam o b s e r v a t i o n s  on DE-1 
a r e  u s e d .  From f i g u r e  18 i t  c a n  be  s e en  t h a t  m easu rem en ts  a t  low f r e q ­
u e n c i e s  a r e  of  poor  q u a l i t y .  There  i s  a l a r g e  s p a c i n g  b e tw e en  t h e  d a t a
p o i n t s .  A b e s t  s t r a i g h t  l i n e  t h r o u g h  t h e  d a t a  in  t h e  low f r e q u e n c y  r ange  
2 2 - 2 - 1i s  u s e d  t o  g e t  E (V m Hz ) a s  a f u n c t i o n  o f  f r e q u e n c y .  The r an g e
in  CO f o r  t h e  o b l i q u e  mode i s  18 .5  -  26 s \  c o r r e s p o n d i n g  t o  a A f  of
1 s * w i t h  f  = 3 .5  s The e l e c t r i c  f i e l d  i n t e n s i t y  i n  t h i s  r a n g e  i s  o
^  4 x 10 ^ /m^. T h i s  c o r r e s p o n d s  t o  an e n e rg y  d e n s i t y  in  MKS o f  =
2 —18 3 —17 3£0 E / 2  = 1 .7 7  x 10 J /m o r  1 .77  x 10 e r g / c m  . Thus ,  t h e  r an g e
in  LiJ ( k )  c o r r e s p o n d i n g  t o  t h e  growing  wave c o n t a i n s  Wg g i v e n  above .
The r e s o n a n t  d i f f u s i o n  c o e f f i c i e n t s  a r e  e v a l u a t e d  a t  p a r t i c u l a r
r e s o n a n t  p a r a l l e l  v e l o c i t i e s  v , t c o r r e s p o n d i n g  t o  a  p a r t i c u l a r  k,,Y It r e s  H r e s
For  t h e  o b l i q u e  mode, W i s  p r i m a r i l y  a f u n c t i o n  o f  k (^  , b u t  a t  k )( n e a r  
t h e  u p p e r  bounda ry  CO v a r i e s  w i t h  kj_ . Thus ,  a p a r t i c u l a r  v a l u e  o f  k^
125
c o r r e s p o n d s  t o  a p a r t i c u l a r  t*J (k,, ) .  I n  e q u a t i o n  ( 3 . 1 5 )  and ( 3 . 1 6 )l | r e s
A k  i s  s e t  e q u a l  t o  t h e  v a l u e  c o r r e s p o n d i n g  t o  h  b) = 1.  T h i s  c o r r e ­
sponds  t o  a f r a c t i o n  / ” £ . ( k . .  ,k . ) = (1/2TT)W . For  k„ n e a r  t h e  lowerr  7~ \l ■*- e l l r e skj.
bounda ry  i t  does  n o t  m a t t e r  what  A k (| i s  s e t  e q u a l  t o  s i n c e  t h e  r a t i o
1. £• ( k „  .kjL ) / A k „  w i l l  b e  a c o n s t a n t  as  long as  £ ( k | (  , k ^  ) does  n o t  
k-L
vary  w i t h  kj_ . At  k^ n e a r  t h e  h i g h e r  b o u n d a r y ,  A £ (k, j  , k L ) i s  s e t
Ki.
e q u a l  t o  (A10/2TT )Wg , where  A U) spans  A k J( jAk^.  Fo r  t h e  o b l i q u e  mode,
t h r e e  v a l u e s  o f  k., were  c h o s e n .  These were  4 x 10 ^ , 5 x 10 ^ , andl l r e s
6 x 10 ^ cm \  r o u g h ly  c o r r e s p o n d i n g  t o  t h r e e  v(|r e s  which span  t h e  n =1 
and n = 0 r e s o n a n t  r e g i o n s  i n  t h e  0 and H+ d i s t r i b u t i o n s ,  r e s p e c t i v e l y .
D i f f u s i o n  t im e  s c a l e s  f o r  t h e  o b l i q u e  mode a r e  shown in  f i g u r e s  4 3 -  
46 .  In  f i g u r e s  43 and 44 t h e  m easured  e l e c t r i c  f i e l d  f l u c t u a t i o n  l e v e l  
was u s e d .  R e a l i s t i c  d i f f u s i o n  t im e  s c a l e s  would c o r r e s p o n d  to  t h e  t ime 
i t  t a k e s  t h e  beams t o  t r a v e l  a d i s t a n c e  o f  a p p r o x i m a t e l y  1 Rg , which 
i s  a b o u t  10 seconds  f o r  h y d r o g e n  and a b o u t  40 seconds  f o r  oxygen.  As 
one c a n  s e e  i n  f i g u r e s  43 and 4 4 ,  t h e  i o n s  d i f f u s e  i n  t im e  s c a l e s  lo n g ­
e r  than  t h e s e  t im e s  e x c e p t  f o r  oxygen  i o n s  w i t h  s m a l l  p e r p e n d i c u l a r  v e ­
l o c i t i e s ,  l e s s  t h a n  .4 x 10^ cm /s .  T h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  
o b s e r v a t i o n s ,  which show t h a t  c o n s i d e r a b l e  h e a t i n g  o f  t h e  beams h a s  
t a k e n  p l a c e  a t  lower  a l t i t u d e s .  Any a d d i t i o n a l  h e a t i n g  a t  o r  above t h e  
s a t e l l i t e  would depend on how much wave t u r b u l e n c e  i s  p r e s e n t .  Near  
t h e  s a t e l l i t e  t h i s  a d d i t i o n a l  h e a t i n g  i s  s m a l l ,  a s  i s  shown by t h e  r e ­
s u l t s  p r e s e n t e d  h e r e .  At  h i g h e r  a l t i t u d e s  s i g n i f i c a n t  h e a t i n g  c o u ld  
o c c u r  i f  t h e  beams e n t e r e d  a r e g i o n  w i t h  a h o t t e r  e l e c t r o n  b a c k g ro u n d .  
T h i s  would i n c r e a s e  t h e  g rowth  r e g i o n  i n  k - s p a c e  and would a l s o  s h i f t  
t h e  Landau r e s o n a n c e  r e g i o n  i n t o  t h e  oxygen d i s t r i b u t i o n .
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In f i g u r e s  45 and 46 t h e  e l e c t r i c  f i e l d  f l u c t u a t i o n  l e v e l  i s  i n ­
c r e a s e d  t o  2 mV^/m^ w i t h  a l l  o t h e r  p a r a m e t e r s  t h e  same a s  f i g u r e s  43 
and 44 .  The s h o r t e s t  d i f f u s i o n  t im e  i n  f i g u r e  45 c o r r e s p o n d i n g  t o  
r e s o n a n t  h y d r o g e n  i o n s  a t  V| j r e g = ”4 . 2  x 10^cm/s i s  a p p r o x i m a t e l y  18 s e c ­
o n d s ,  which i s  c o m p a rab le  t o  t h e  t ime i t  t a k e s  a hyd rogen  io n  to  c o v e r  
a d i s t a n c e  o f  an e a r t h  r a d i u s .  I n  f i g u r e  46 t h e  oxygen  d i f f u s i o n  t im e s  
a r e  s m a l l  f o r  t h e  b u l k  o f  t h e  r e s o n a n t  beam i o n s .  D i f f u s i o n  t im e s  f o r  
oxygen ions  a t  *75 x 10^cm/s a r e  g r e a t e r  t h a n  t h e  t r a n s i t  t im e
f o r  1 Rg . These i o n s  w i l l  d i f f u s e  l i t t l e  in  v e l o c i t y  s p a c e  i f  a l l  
o t h e r  p a r a m e t e r s  a r e  k e p t  c o n s t a n t .  As a l r e a d y  m e n t io n e d ,  i f  t h e  e l e c ­
t r o n  t e m p e r a t u r e  s u d d e n ly  i n c r e a s e d  o r  t h e  beams g o t  c o l d e r ,  t h e  g rowth 
r e g i o n  in  k - s p a c e  w i l l  e x p a n d ,  g i v i n g  f a s t e r  d i f f u s i o n  t i m e s .  I t  
s h o u ld  a l s o  be m en t io n e d  t h a t  any h e a t i n g  o f  t h e  beams w i l l  c o n t r i b u t e  
to  damping due to  i n c r e a s e d  t h e r m a l  v e l o c i t i e s .  T h i s  p r o c e s s  w i l l  com­
p e t e  w i t h  any g rowth  mechanism,  suc h  a s  an i n c r e a s e  in  e l e c t r o n  t e m p e r ­
a t u r e  .
The d i v e r g e n t  b e h a v i o r  o f  a t  b o t h  s m a l l  and l a r g e  Vj_ in  f i g u r e s
44 and 46 r e s u l t  b e c a u s e  Dj.i. ** ( ^ t o / v j _ ) ^ . When p e r f o r m i n g  a comput ­
e r  s i m u l a t i o n ,  t h e  v e l o c i t y  s p a c e  g r i d  s p a c i n g  i s  c h o s e n  so  as  t o  avo id  
n u m e r i c a l  d i v e r g e n c e .
Thus ,  f i g u r e s  45 ,  46 show t h a t  w i t h  a s l i g h t l y  h i g h e r  e l e c t r i c  
f i e l d  f l u c t u a t i o n  l e v e l  t h a n  th e  e x t r a p o l a t e d  r e s u l t  f rom d a t a ,  t h e  
beams s h o u ld  be  h e a t e d  in  t im e s  c o m p a r a b le  t o  t h e i r  t im e  o f  f l i g h t  
th ro u g h  th e  h i g h  a l t i t u d e  a u r o r a l  zone .  Th i s  s t i l l  does  n o t  e x p l a i n  
t h e  p a r a l l e l  h e a t i n g  in  b o t h  oxygen and h y d r o g e n ,  which i s  t h e  major  
f e a t u r e  in  t h e  o b s e r v e d  d i s t r i b u t i o n  f u n c t i o n .
At s a t e l l i t e  a l t i t u d e s  t h e  o b l i q u e  wave doe s  n o t  h e a t  oxygen p a r a -
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l l e l  t o  t h e  m a g n e t i c  f i e l d .  The Landau r e s o n a n c e  r e g i o n  l i e s  o u t s i d e  
t h e  d i s t r i b u t i o n ,  and o c c u p i e s  t h e  low v e l o c i t y  s i d e  o f  t h e  h y d r o g e n  
beam. I t s  w i d t h  i s  s m a l l ,  i n v o l v i n g ' s  f r a c t i o n  o f  t h e  h y d r o g e n  i o n s .
I t  i s  c l e a r  t h a t  t h e  o b l i q u e  mode c a n  do l i t t l e  o f  t h e  o b s e r v e d  h e a t i n g ,  
b u t  t h e  Landau r e s o n a n c e  r e g i o n  can be moved i n t o  t h e  oxygen d i s t r i b u ­
t i o n  by r e d u c i n g  th e  H beam v e l o c i t y  t o  5 x 10^cm /s ,  k e e p i n g  th e  0 
p a r a m e t e r s  f i x e d .  The low er  b o u n d a ry  o f  t h e  Landau r e s o n a n c e  r e g i o n  in  
t h i s  c a s e  i s  3 . 0  x 10^ cm/s  = -v  . As t h e  H beam v e l o c i t y  was low­
e r e d ,  i t  was a l s o  c o o l e d  to  50 eV. The c o o l i n g  i n c r e a s e d  t h e  g row th  
r e g i o n  in  k - s p a c e ,  b u t  d i d  n o t  a f f e c t  t h e  l o c a t i o n  o f  t h e  Landau r e ­
sonance  r e g i o n ,  U -  C . The i n c r e a s e d  g rowth  r e g i o n  a l s o  d i d  n o tH H
a f f e c t  t h e  w i d t h  o f  t h e  Landau r e s o n a n c e  r e g i o n .  T h i s  i s  b e c a u s e  as
k i n c r e a s e s ,  GdL a l s o  i n c r e a s e s ,  c a u s i n g  v to  s t a y  c o n s t a n t .I | r e s  ’ R > 6  l l r e s  J
A l s o ,  in  an a t t e m p t  to  model  t h e  beams a t  lower  a l t i t u d e ,  one must  
i n c l u d e  t h e  c o o l i n g  o f  oxyge n ,  which would p u t  t h e  oxygen i o n s  f u r t h e r  
f rom the  Landau r e s o n a n c e  r e g i o n .  A good c a n d i d a t e  f o r  p a r a l l e l  h e a t ­
i n g ,  a s  m en t io n e d  e a r l i e r ,  i s  t h e  s lo w  p a r a l l e l  ion a c o u s t i c  mode, t h e  
r e s o n a n t  r e g i o n s  o f  which  a r e  shown in  f i g u r e s  38 and 39.  The Landau 
r e s o n a n c e  r e g i o n  f o r  t h i s  mode i s  e x t r e m e l y  n a r r o w ,  b e c a u s e  t h e  p a r a l l e l  
p h a s e  v e l o c i t y  o f  t h e  wave i s  a c o n s t a n t .  Th i s  v e l o c i t y  w i l l  change  as  
t h e  beam v e l o c i t i e s  c h a n g e  o r  i f  t h e  e l e c t r o n  t e m p e r a t u r e  c h a n g e s .  Thus,  
i f  t h e s e  two p a r a m e t e r s  c hange  o v e r  a d i s t a n c e  s m a l l  compared t o  an 
e a r t h  r a d i u s ,  say  100 -  200  km, d i f f e r e n t  H and 0+ io n s  w i l l  be  in  r e ­
sonance  w i t h  t h e  wave a t  d i f f e r e n t  a l t i t u d e s .  T h i s  c o u l d  p r o d u c e  p a r a ­
l l e l  h e a t i n g .  B u t ,  as  m e n t io n e d  e a r l i e r ,  t h e  H+ beam v e l o c i t y  and t h e  
e l e c t r o n  t e m p e r a t u r e  i n c r e a s i n g  t o g e t h e r  w i l l  c hange  t h e  Landau r e s o n a n t  
v e l o c i t y  f o r  t h e  p a r a l l e l  mode s l i g h t l y ,  s i n c e  Vp^j|  = -  C^.
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The f l u i d  t w o - s t r e a m  i n s t a b i l i t y  most  l i k e l y  p ro d u ce d  t h e  b u l k
o f  t h e  p a r a l l e l  h e a t i n g .  The i n s t a b i l i t y  o c c u r s  when U + C = U -U U H
C . T h i s  i n s t a b i l i t y ,  which  i n v o l v e s  a l l  p a r t i c l e s  and i s  e x p l o s i v e ,  H
+
would b e  most  e f f e c t i v e  i n  f i l l i n g  i n  t h e  v a l l e y  b e tw e en  t h e  0 and H 
be a m s .
D i f f u s i o n  Time s econds
180.
H* Resonant160.
E - . 4 (mU/m)140.
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T h is  s tu d y  h a s  looked  a t  a s p e c t s  o f  p lasm a  p r o c e s s e s  o c c u r i n g  i n  t h e
h i g h  a l t i t u d e  a u r o r a l  a c c e l e r a t i o n  r e g i o n .  The m ajo r  f e a t u r e  i n  t h e  H+
+ t t , t + 
and 0 d i s t r i b u t i o n  f u n c t i o n s  was t h e  e x t e n d e d  h i g h  e n e rg y  t a i l  m  0 and
th e  c o r r e s p o n d i n g  h e a t i n g  on th e  low p a r a l l e l  v e l o c i t y  s i d e  o f  H which 
p ro d u ce d  a f i l l e d  i n  v a l l e y  be tw e en  t h e  two i o n  beam pe a k s .
I n  o r d e r  t o  i d e n t i f y  t h e  mechanism r e s p o n s i b l e  f o r  t h e  p a r a l l e l  e n e r ­
gy t r a n s f e r  f rom H+ to  0+ , we i n v e s t i g a t e d  low f r e q u e n c y  e l e c t r o m a g n e t i c
i n s t a b i l i t i e s  g e n e r a t e d  by t h e  r e l a t i v e  s t r e a m i n g  o f  t h e  H and 0+ beams.
/  ,
Although  t h e  beam v e l o c i t i e s  were much l e s s  t h a n  t h e  A l f v e n  v e l o c i t y ,  i t  
was w o r t h w h i l e  t o  look  f o r  i n s t a b i l i t i e s  n e a r  t h e  c r o s s o v e r  f r e q u e n c y ,
. These  e f f o r t s  showed t h a t  t h e  e l e c t r o m a g n e t i c  waves were  damped,
b u t  t h e  s tu d y  found an i n s t a b i l i t y  o f  t h e  o b l i q u e  s low H+ ion  a c o u s t i c
+ +  , , 
mode. T h i s  mode p r o d u c e d  h e a t i n g  i n  b o t h  H and 0 t h ro u g h  q u a s i l m e a r
d i f f u s i o n ,  b u t  i t  was c o n c lu d e d  t h a t  i t  was n o t  r e s p o n s i b l e  f o r  most  o f  
t h e  p a r a l l e l  e n e rg y  t r a n s f e r  f rom H t o  0+ which o c c u re d  a t  lower  a l t i ­
t u d e s  .
A good p o s s i b i l i t y  t o  e x p l a i n  t h e  p a r a l l e l  h e a t i n g  i s  t h e  p a r a l l e l
i o n  a c o u s t i c  wave. The p a r a l l e l  H+ ion  a c o u s t i c  mode was found  t o  be
u n s t a b l e  i f  t h e  e l e c t r o n  t e m p e r a t u r e  was i n c r e a s e d  t o  v a l u e s  o f  ** 200
eV above t h e  measured  v a l u e  a t  t h e  s a t e l l i t e .  The mode a l s o  g e t s  e x c i t e d
when t h e  ion  beams a r e  c o o l e d .  Fo r  example ,  i f  a l l  p l asm a  p a r a m e t e r s  a t
+ +
t h e  s a t e l l i t e  a r e  f i x e d  and t h e  H and 0 beam t e m p e r a t u r e s  a r e  d ropped
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t o  10 eV, t h e  s low p a r a l l e l  H+ ion a c o u s t i c  mode i s  e x c i t e d .  C o n t i n u ­
ing t h e  work in  t h e  l i n e a r  r eg im e  by Bergmann and Lotko ( 1 9 8 6 ) ,  one c o u ld
+ +
i n v e s t i g a t e  t h e  ion  h e a t i n g  p r oduce d  by t h i s  mode and t h e  H - 0  t w o - s t r e a m  
i n s t a b i l i t y ,  which  l i e s  on t h e  same b r a n c h .
The t h e o r e t i c a l  f ramework u s e d  t o  d e s c r i b e  t h e  p lasm a  t u r b u l e n c e  a t  
s a t e l l i t e  a l t i t u d e s  i s  a d e q u a t e  and g i v e s  a c c u r a t e  r e s u l t s ,  b u t  i t  i s  by 
no means a u n i q u e  s o l u t i o n .  In  t h e  p r e s e n t  t h e o r e t i c a l  s c e n a r i o  t h e  d i e ­
l e c t r i c  t e n s o r  £_ (U>,^ )  i s  e v a l u a t e d  w i t h  t h e  r e a l  f r e q u e n c y ,  .
T h i s  came a b o u t  f rom th e  c o n d i t i o n  U)j  «  . At c e r t a i n  r e g i o n s  i n
k - s p a c e  t h e  growth  r a t e  d i v e r g e s  and t h e  mode c a n n o t  be f o l l o w e d  w i t h  t h e  
p r e s e n t  t h e o r y .  T h i s  i s  a  c o n s e q u e n c e  o f  t h e  a p p r o x i m a t i o n  made on U)j  .
A more a c c u r a t e  a p p ro a c h  i s  t o  e v a l u a t e  A (t0 jti) w i t h  t h e  complex
f r e q u e n c y .  Thus
j A(uot )  | = 0  = k ) |
i n  which  c a s e  a mode w i t h  f r e q u e n c y  + il//j ,  would e x i s t  whe re  t h e
r e a l  and im a g in a r y  p a r t s  o f  Ja J a r e  s i m u l t a n e o u s l y  z e r o .  A f i r s t  g u e s s
a t  and c o u l d  b e  o b t a i n e d  from t h e  p r e s e n t  t h e o r y  u s e d  in  t h i s
s t u d y .  The d i s p e r s i o n  i n  k - s p a c e  u s i n g  t h i s  method would be most  a c c u r a t e  
T h i s  h a s  i m p o r t a n t  c o n s e q u e n c e s  w i t h  r e s p e c t  t o  q u a s i l i n e a r  d i f f u s i o n  b e ­
c a u s e  t h e  r e s t r i c t i o n  <C< i s r e l a x e d  somewhat .  The f a s t e s t  g row-
ing  mode in  k - s p a c e  c o u l d  be  i d e n t i f i e d  w i t h  c o m p le te  c e r t a i n t y .  The
■4 4
r e g i o n s  i n  k - s p a c e  where  ( k )  d i v e r g e s  would i n d i c a t e  t h e  n o n l i n e a r
d e v e lo p m en t  o f  t h e  wave modes.  I n  t h e  p r e s e n t  t h e o r y  one can  g e t  o n ly  an 
e s t i m a t e  of  where n o n l i n e a r  p r o c e s s e s  a r e  t a k i n g  o v e r ,  s i n c e  t h e  t h e o r y  
b r e a k s  down when i n c r e a s e s .
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With  t h i s  i n  mind,  i t  i s  s t i l l  c o r r e c t  t o  say  t h a t  t h e  i o n  beams 
p roved  t o  be  weakly u n s t a b l e  a t  s a t e l l i t e  a l t i t u d e s ,  a r e s u l t  t h a t  came 
ou t  of  t h e  u s e  of  l i n e a r  k i n e t i c  t h e o r y .  The g rowth  r e g i o n  i n  k - s p a c e  
was s m a l l ,  i n d i c a t i n g  m a r g i n a l  s t a b i l i t y .  O the r  t h e o r e t i c a l  f o r m u l a ­
t i o n s  m ig h t  g i v e  e r r o n e o u s  r e s u l t s .  The i n s t a b i l i t y  i s  d e f i n i t e l y  a
• . . • r e s o n a n t  p r o c e s s ,  i n v o l v i n g  r e s o n a n t  p a r t i c l e s  i n  t h e  H and 0 d i s t r i ­
b u t i o n s  t o  p r o v i d e  g r o w th .  Thus ,  a f l u i d  t r e a t m e n t  m igh t  be  i n a d e q u a t e  
as  i t  i g n o r e s  t h i s  m i c r o s c o p i c  e f f e c t .  The a p p l i c a t i o n  o f  a n o n l i n e a r  
t r e a t m e n t  i s  a p o s s i b i l i t y  one c o u l d  c o n s i d e r .  The f i r s t  s t e p  i s  t o  do 
a  q u a s i l i n e a r  t r e a t m e n t  of  t h e  H+ and 0+ io n  beams.  T h i s  would  i n v o l v e  
m ode l ing  t h e  H+ and 0+ io n  beams t o  what  they  would  look  l i k e  i n  v e l o c i ­
ty  s p a c e  a t  lower  a l t i t u d e s ,  and th e n  a l l o w i n g  t h e  beams t o  e v o l v e  by 
q u a s i l i n e a r  d i f f u s i o n .  One would have  t o  i d e n t i f y  t h e  i n s t a b i l i t y  w i t h  
t h e  h i g h e s t  g rowth  r a t e  a s  t h e  p r o c e s s  t o  do t h e  d i f f u s i o n .  At d i f f e r ­
e n t  p l a s m a  p a r a m e t e r s  c h a r a c t e r i s t i c  of  lower  a l t i t u d e s ,  o t h e r  modes 
m igh t  be  e x c i t e d ,  l i k e  t h e  p a r a l l e l  io n  a c o u s t i c  i n s t a b i l i t y  o r  io n  c y ­
c l o t r o n  modes,  f o r  example.
A no the r  p o s s i b i l i t y  i s  t o  f o l l o w  t h e  q u a s i l i n e a r  e v o l u t i o n  o f  t h e  
beams t o  h i g h e r  a l t i t u d e  w i t h  t h e  i n s t a b i l i t y  g e n e r a t e d  a t  t h e  s a t e l l i t e .  
T h i s  c o u l d  p r o v i d e  one w i t h  a d e f i n i t e  i d e a  o f  how t h e  i n s t a b i l i t y  d e ­
v e l o p s .  With t h e  d i f f u s i o n  t im e s  s c a l e s  i n  f i g u r e s  4 3 - 4 6 ,  one c a n  g e t  
a d e f i n i t e  i d e a  as  t o  how t h e  r e s o n a n t  i o n s  w i l l  d i f f u s e .  Oxygen i o n s  
a t  s m a l l  p e r p e n d i c u l a r  v e l o c i t i e s  d i f f u s e  f a s t e r .  F o r  h y d r o g e n  t h e  
d i f f u s i o n  t im e  i s  e s s e n t i a l l y  a c o n s t a n t  as  a f u n c t i o n  o f  t h e  p e r p e n ­
d i c u l a r  v e l o c i t y  o f  t h e  beam i o n s .  R a t h e r ,  f o r  h y d ro g en  i o n s  t h e  c r u ­
c i a l  v e l o c i t y  i s  t h e  p a r a l l e l  v e l o c i t y  o f  t h e  r e s o n a n t  i o n .  As t h e  
beams f low  t o  h i g h e r  a l t i t u d e s  t h e  i n s t a b i l i t y  w i l l  p r o d u c e  weak p e r ­
p e n d i c u l a r  h e a t i n g  on t h e  h i g h  v e l o c i t y  s i d e  o f  t h e  0+ beam, and an 
e q u a l l y  weak p a r a l l e l  h e a t i n g  o f  H+ io n s  on t h e  low v e l o c i t y  s i d e  o f  
t h e  beam, d e p e n d in g  upon t h e  v a l u e  o f  t h e  wave a m p l i t u d e .  T h i s  h e a t i n g  
s h o u ld  t a k e  p l a c e  o v e r  a d i s t a n c e  on t h e  o r d e r  o f  an e a r t h  r a d i u s  
and t h e  i n s t a b i l i t y  migh t  be  damped by t h i s  t ime  i f  t h e  e l e c t r o n  tem­
p e r a t u r e  r em a ins  c o n s t a n t .  T h i s  damping w i l l  be  due t o  t h e  i n c r e a s e d  
t h e r m a l  v e l o c i t y  o f  h y d r o g e n  i n  t h e  p a r a l l e l  d i r e c t i o n .  The i n c r e a s e d  
T^ i n  oxygen w i l l  n o t  damp t h e  wave b e c a u s e  t h e  i n s t a b i l i t y  depends  on 
th e  p a r a l l e l  t e m p e r a t u r e  o f  t h e  i o n  beams.  I t  i s  l i k e l y  t h a t  t h e  e l e c ­
t r o n  t e m p e r a t u r e  w i l l  i n c r e a s e  as  t h e  beams move upward.  T h i s  w i l l  
enhance  t h e  i n s t a b i l i t y  and c o u n t e r a c t  any damping.  As t h e  beams f lo w  
i n t o  w eaker  m a g n e t i c  f i e l d  r e g i o n s  t h e  a d i a b a t i c  c o o l i n g  t h a t  w i l l  t a k e  
p l a c e  w i l l  a l s o  i n c r e a s e  g rowth  r a t e s .  I  s u p p o r t  t h i s  l a t t e r  c o n c l u s i o n  
where  t h e  beams a r e  u n s t a b l e  a l l  t h e  way t o  t h e  p lasm a  s h e e t  and con­
t i n u e  t o  u n d e rg o  weak h e a t i n g .
F i n a l l y ,  one c a n  do a n u m e r i c a l  s i m u l a t i o n  t o  s e e  how t h e  beams 
e v o l v e  u n d e r  v a r i o u s  forms o f  t u r b u l e n c e  as  t h e y  f low o u t  o f  t h e  a c c e ­
l e r a t i o n  r e g i o n .  S e v e r a l  w o r k e r s  a r e  p r e s e n t l y  i n v e s t i g a t i n g  t h i s  a p ­
p r o a c h  .
A s id e  from t h e o r e t i c a l  work ,  t h e  a dvances  made in  t h e  a c q u i s i t i o n  
of  p l a s m a  and wave m easu rem en ts  t h ro u g h  t h e  u s e  o f  s a t e l l i t e s  a r e  c r u ­
c i a l  i n  ou r  u n d e r s t a n d i n g  o f  s p a c e .  The m easu rem en ts  come f i r s t ,  and 
t h e  t h e o r y  s e co n d .  Some e x p e r i m e n t a l  e f f o r t s  c o u ld  i n c l u d e  o b t a i n i n g  
h i g h e r  e ne rgy  r e s o l u t i o n ,  which would g i v e  b e t t e r  d i s t r i b u t i o n  f u n c ­
t i o n s .  Th is  would make t h e  i d e n t i f i c a t i o n  o f  t h e  i n s t a b i l i t i e s  a 
more a c c u r a t e  p r o c e s s .  The accompaniment  o f  s i m u l t a n e o u s  wave m e a s u r e ­
ments  v e r i f i e s  t h i s  a n a l y s i s .  A s a t e l l i t e  a t  low a l t i t u d e s ,  such as
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DE-2 , c a n  g i v e  s i m u l t a n e o u s  p a r t i c l e  m easu rem en ts  w i t h  a h i g h  a l t i t u d e  
s a t e l l i t e .  Th i s  c o u l d  i d e n t i f y  r o u g h l y  t h e  same beam i o n s  i n  t h e  two 
r e g i o n s .
The a u r o r a l  a c c e l e r a t i o n  r e g i o n  h a s  b e e n  s t u d i e d  e x t e n s i v e l y  o v e r  
t h e  p a s t  two d e c a d e s .  The re  a r e  s t i l l  p rob lem s  t o  be worked o u t ,  such 
as  t h e  n a t u r e  o f  t h e  ion  h e a t i n g  mechanism a t  low a l t i t u d e s .  T h i s  s tu d y  
p r o v i d e s  a c l u e  as  t o  t h e  n a t u r e  o f  t h i s  mechanism,  making t h e  t a s k  o f  
o t h e r  w o r k e r s  l e s s  f o r m i d a b l e .
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APPENDIX A
THE DIELECTRIC TENSOR 
AND THE ELECTROSTATIC APPROXIMATION
The d i e l e c t r i c  t e n s o r  c o n t a i n s  a l l  t h e  i n f o r m a t i o n  on e l e c t r o ­
m ag n e t i c  waves i n  a homogeneous p lasm a  immersed in  a u n i f o r m  m a g n e t i c  
f i e l d .  No r e s t r i c t i o n  i s  p l a c e d  on th e  d i r e c t i o n  o f  k o r  E . Some u s e f u l  
r e l a t i o n s  c a n  be  o b t a i n e d  when t h e  d i e l e c t r i c  t e n s o r  i s  e v a l u a t e d  in  
c e r t a i n  l i m i t s ,  w i t h  r e s p e c t  t o  t h e  m ag n i tu d e  and d i r e c t i o n  o f  k and E.
I f  t h e  wave e q u a t i o n  i s  w r i t t e n  i n  t e rm s  o f  n = kc /o j  , one o b t a i n s  
+• -  0
+ - A • e - o . (ad
-* , | -» -?
D e f i n i n g  E = E(l + E^ w here  E^ k ,  and E^ X. k ,  and a l s o  t a k i n g  t h e  
s c a l a r  p r o d u c t  w i t h  n ,  one f i n d s
n -  £ • ( £ „  V )  -  o .
I f  E. E, t h e  wave i s  e l e c t r o s t a t i c ,  and t h e  d i s p e r s i o n  r e l a t i o n\\ -L >
becomes
h  • £ • n =  o  , (A2)
A f u r t h e r  c o n d i t i o n  f o r  e l e c t r o s t a t i c  waves can  be s e en  by r e w r i t i n g  
t h e  d i s p e r s i o n  r e l a t i o n  i n  t e rm s  o f  Ea and E^ . One h a s
£  • E„ (A3)
Th is  s a y s  t h a t  E^ when vP 1 j j f o r  a l l  . (A4)
In t h i s  l i m i t ,  t h e  d i s p e r s i o n  r e l a t i o n  f o r  e l e c t r o s t a t i c  w aves ,  f rom
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( A 2) ,  i s
kj_ £ x* +  ^  k (i ^ ^ 2 .  " ^ ^ l l  ^ 4 2
The c o n d i t i o n  (A4) f o r  e l e c t r o s t a t i c  waves i m p l i e s  t h a t  t h e  p ha se  v e l o c i t y  
o f  t h e  wave i s  much l e s s  t h a n  t h e  v e l o c i t y  o f  l i g h t  c .  M agne t ic  p e r t u r ­
b a t i o n s  p r o p a g a t e  a t  t h e  A l f v e n  v e l o c i t y  = B 0/ / E f p  I f  an e l e c t r o ­
s t a t i c  wave p e r t u r b s  t h e  m a g n e t i c  f i e l d ,  t h e s e  p e r t u r b a t i o n s  w i l l  be 
damped q u i c k l y  i f  t h e  p h a s e  v e l o c i t y  o f  t h e  wave i s  l e s s  t h a n  V^.
At  a r e s o n a n c e  |n (  , t h e  r e f r a c t i v e  i n d e x ,  becomes i n f i n i t e .  At  the
lower  h y b r i d  and u p p e r  h y b r i d  r e s o n a n c e  i s  f i n i t e .  Thus ,  t h e s e  waves
a r e  e l e c t r o s t a t i c .  At t h e  c y c l o t r o n  f r e q u e n c i e s  h a s  a p o s s i b i l i t y
o f  becoming i n f i n i t e  b e c a u s e  o f  t e rm s  p r o p o r t i o n a l  t o  (U>- k ((v(( -  nW w  )  ^
Thus ,  e l e c t r o s t a t i c  e l e c t r o n  and i o n  c y c l o t r o n  waves w i l l  become e l e c t r o -  




Program  DISP3 i s  t h e  c om pu te r  p rogram which  s o l v e s  f o r  t h e  d e t e r m i -
The p rogram  i s  w r i t t e n  i n  CGS u n i t s .  The package  c o n s i s t s  o f  t h e  
m ain  p rogram DISP3.F77 and submodules  IDSB3.F77 and DISSB3.F77,  which 
c o n t a i n  t h e  s u b r o u t i n e s .  DISSB3.F77 c o n t a i n s  s u b r o u t i n e s  PEMIN3, DTICK3, 
and EFUNCT. IDSB3 c o n t a i n s  s u b r o u t i n e s  WREAL, ATSE, ALI,  E l ,  PR0D1.BESI1,  
MATCH, LIMITS, and BORDER.
The main p rog ra m  DISP3.F77 c a l l s  s u b r o u t i n e  PEMIN3.F77,  t h e  i n p u t  
r o u t i n e ,  which a s k s  t h e  u s e r  f o r  a l l  i n p u t  p a r a m e t e r s .  The main p rog ram  
t h e n  c a l l s  s u b r o u t i n e  EFUNCT.F77, which c a l c u l a t e s  £  and t a k e s  t h e
n a n t  of  t h e  e l e c t r o m a g n e t i c  t e n s o r ,  A a r e  t h e  n o r ­
mal modes o f  th e  plasma. A  i s  g iv e n  by
f  i*1r
( B l )
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d e t e r m i n a n t  of  A . The r e a l  and im a g in a r y  p a r t s  o f |A|  a r e  p l o t t e d  v s .
f r e q u e n c y  (ji7r , so  t h a t  one c a n  i d e n t i f y  t h e  r o o t s .
S u b r o u t i n e  PEMIN3 i s  t h e  i n p u t  r o u t i n e  f o r  p rogram  DISP3.  The u s e r  
s p e c i f i e s  t h e  m a g n e t i c  f i e l d  s t r e n g t h ,  t h e  e l e c t r o n  and ion  s p e c i e s  w i t h  
c o r r e s p o n d i n g  d e n s i t i e s ,  t e m p e r a t u r e s ,  s t r e a m i n g  v e l o c i t i e s  and t h e  number
of  ha rm onic  t e rm s  t o  k e e p  i n  t h e  summations o v e r  n . The p rog ram  can  c o n -
+ + + + t a i n  a maximum of  10 s p e c i e s .  The s p e c i e s  E - ,  H , 0 , He , and NO a r e
c o n t a i n e d  i n  t h e  code a lo n g  w i t h  t h e i r  c o r r e s p o n d i n g  masses  and c h a r g e
s t a t e s .  These s p e c i e s  c a n  be changed  t o  accomodate  d i f f e r e n t  p l a s m a s .
The u s e r  s p e c i f i e s  two o f  t h e  f o l l o w i n g  k - s p a c e  p a r a m e t e r s ;  k ,  kj_ , k (l ,
and 0  . The x - a x i s  o p t i o n s  a r e ,  i n  a d d i t i o n  t o  r e a l  OJ ; T^ , T^ , Bq ,
Re( 00 /  tUCoL ) ,  a s i n g l e  Re( ^  /  U/cot a s i n g l e  Re Id , a s i n g l e
Re( OJ /2  TT )• The y - a x i s  o p t i o n s  a r e ;  t h e  r e a l  o r  im a g in a r y  d e t e r m i n a n t ,
any r e a l  o r  im a g in a ry  e l e m e n t  o f  A , t h e  r e a l  o r  i m a g in a ry  d e t e r m i n a n t
o f  ^  r o t a t e d  th ro u g h  © so  t h a t  k || z ,  any r e a l  o r  im a g in a ry  e le m en t  o f
r o t a t e d  A  , and t h e  r e a l  o r  im a g in a ry  l o n g i t u d i n a l  d i e l e c t r i c  f u n c t i o n
£. ( ud ,1? ) .  The p l o t t i n g  can  be  log o r  l i n e a r  on b o t h  a x e s .  A s c a l e
f a c t o r  f o r  t h e  y - a x i s  i s  a sked  f o r  so as  t o  i n c l u d e  a l i n e a r  s c a l e  around
z e r o  i n  log  y.
S u b r o u t i n e  EFUNCT, c a l l e d  by DISP3 .F77 ,  e v a l u a t e s  t h e  r e a l  and im­
a g i n a r y  e l e m e n t s  o f  £  . The common a r e a  EREI c o n t a i n s  t h e  e l e m e n t s  of
t h e  t e n s o r  f o r  a s i n g l e  s p e c i e s .  The a r r a y s  SER, SEI c o n t a i n  the  r e a l  and 
im a g in a r y  e l e m e n t s  o f  t h e  t e n s o r  summed ove r  s p e c i e s  and th e  a r r a y s  SEROT, 
SEIROT c o n t a i n  t h e  r e a l  and im a g in a r y  e l e m e n t s  o f  t h e  r o t a t e d  t e n s o r .  
Element  3 , 4  i n  t h e  a r r a y s  SER, SEI i s  t h e  l o n g i t u d i n a l  d i e l e c t r i c  f u n c ­
t i o n  and i s  i d e n t i c a l  t o  e l e m e n t  3 , 3  i n  SEROT, SEIROT. EFUNCT r e t u r n s  t h e  
d e t e r m i n a n t  o f  A , o r  any one o f  i t s  e l e m e n t s .
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S u b r o u t i n e  E l ,  c a l l e d  by EFUNCT, c a l c u l a t e s  t h e  e l e m e n t s  o f  £  f o r  
a s i n g l e  s p e c i e s ,  p e r f o r m i n g  t h e  summation ov e r  n .  The r o u t i n e  i s  s p l i t
i n t o  t h e  n - 0  t e r m s ,  and a do loop o v e r  n f o r  the  n>  0 t e r m s .  El a l s o  
c a l c u l a t e s  t h r e e  l i m i t s  o f  £  . These a r e :  T u = T^ , u o= 0; k „ = k^=
0; and t h e  c o l d  p lasm a  r e l a t i o n s .
S u b r o u t i n e  WREAL, c a l l e d  by E l ,  c a l c u l a t e s  t h e  r e a l  p a r t  o f  t h e  W- 
f u n c t i o n ,  which i s  r e l a t e d  t o  t h e  p lasm a  d i s p e r s i o n  f u n c t i o n  Z. Three 
methods  a r e  u s e d ;  i n t e r p o l a t i o n ,  power s e r i e s ,  and a s y m p t o t i c  s e r i e s .  I f  
t h e  a rgum ent  o f  W(^ ) i s  ^  .5 and <(. 8 . 0 ,  t h e  answer  i s  o b t a i n e d  by i n t e r ­
p o l a t i n g  f rom a t a b l e  o f  t a b u l a t e d  v a l u e s  ( F r i e d  and C o n t e , 1961) .  I f  J* 
y  8 . 0 ,  t h e  a s y m p t o t i c  s e r i e s  i s  u s e d .  I f  ^  <  . 5 ,  t h e  power s e r i e s  i s
u s e d .  The im a g in a r y  p a r t  of  W(J ) i s  c a l c u l a t e d  d i r e c t l y  in  s u b r o u t i n e  
E l .
S u b r o u t i n e  BESI1 , c a l l e d  by E l ,  c a l c u l a t e s  t h e  Lambda f u n c t i o n  by
s e r i e s  and a s y m p t o t i c  a p p r o x i m a t i o n ,  where = I n ( )  e ^ 0<.
S u b r o u t i n e  PRODl, c a l l e d  by EFUNCT, c a l c u l a t e s  t h e  d e t e r m i n a n t  of
A by d i r e c t  p r o d u c t  o f  i t s  e l e m e n t s .
S u b r o u t i n e s  ATSE and ALI,  c a l l e d  by WREAL, a r e  m a t h e m a t i c a l  r o u t i n e s  
which  p e r f o r m  t h e  i n t e r p o l a t i o n  o f  t h e  t a b l e  o f  v a l u e s  i n  WREAL.
S u b r o u t i n e  MATCH, c a l l e d  by PEMIN3, m a tc hes  a g i v e n  ion  s u p p l i e d  by 
t h e  u s e r  t o  t h e  l i s t  o f  i o n s  c o n t a i n e d  i n  t h e  p rogram.
S u b r o u t i n e  LIMITS, c a l l e d  by PEMIN3, s c a l e s  t h e  x -y  l i m i t s  s u p p l i e d  
by t h e  u s e r  t o  v a l u e s  u s e d  by t h e  p l o t  p a c k a g e .
S u b r o u t i n e  BORDER, c a l l e d  by PEMIN3, draws a b o r d e r  and e v e n ly  spaced  
t i c k  marks .
S u b r o u t i n e  DTICK3, c a l l e d  by PEMIN3, p l o t s  a d d i t i o n a l  t i c k  marks  a t  
t h e  c y c l o t r o n  and p lasm a  f r e q u e n c i e s  o f  each  s p e c i e s  and a t  t h e  lower 
and u p p e r  h y b r i d  f r e q u e n c i e s .
